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ABSTRACT
Literature in the field of catalysis is dominated by details of 
catalytic reactions, operating conditions, and product streams, with 
little regard for detailed physical characterization of the catalyst 
materials. It is now understood that knowledge of catalyst properties 
as a function of reaction properties may lead to the design of more 
active and/or selective catalysts. Thus, studies in the catalysis field 
are changing and the present investigation demonstrates the utility of 
an X-ray photoelectron spectroscopic (XPS) characterization of supported 
iron, ruthenium, and iron-ruthenium bimetallic catalyst systems as a 
function of catalyst treatment(s). This physical and chemical informa­
tion of the catalysts themselves, when coupled to kinetic investigations 
of the catalytic reaction provides an even greater understanding of the 
observed trends. This report focusses on the correlations between the 
catalysts' properties and their ability to catalyze effectively carbon 
monoxide hydrogenation.
XPS was found to effectively characterize the chemical properties 
of all but the initial materials. Ruthenium was reduced (in Hg) to 
Ru(0) and iron underwent a partial reduction. Except for iron in the 
mixed-metal catalyst, reaction conditions caused the further reduction 
of the metal binding energies. This effect can be attributed to a 
decrease in metal-support interaction, elimination/reduction of any 
"matrix" effects, and/or unequal charge compensation between the support 
and metal. Ruthenium always oxidized upon exposure to l^S, whereas iron
xi
oxidized only in the monometallic case. also prevented the decrease
in metal binding energies upon exposure to reaction conditions. In the 
bimetallic case, pretreatment caused an increase in the Fe:Si XPS 
intensity ratio upon exposure to reaction conditions, where in the 
non-sulfided case, the Ru:Si ratio increased. The kinetic results 
indicated that the bimetallic catalyst performed like the ruthenium-only 
catalyst; however, caused the catalyst to acquire more characteris­
tics of the Fe-only catalyst (increased olefin and hydrocarbon
production).
Argon ion implantation was used to eliminate the "matrix" effect in 
several supported ruthenium catalysts in order to determine the extent 
of metal-support interaction occurring. The degree of metal-support 
interaction varied as > NaY > SiC^.
CHAPTER I
INTRODUCTION
For five to six decades following Sabatier and Senderen's (1, 2) 
1902 discovery that methane could be produced by reacting carbon monox­
ide and hydrogen over a nickel catalyst, research activity in carbon 
oxide hydrogenation was quite high. Research in this area then suffered 
a decline until the Arab oil embargo of the mid 1970's when renewed 
interest was generated in developing alternate sources of gaseous and 
liquid hydrocarbons. The reaction of CO and H2, "syngas" produced from 
the gasification of coal, to form methane by the metal catalyzed "metha- 
nation" reaction,
is one possible source of hydrocarbons. Alternatively, higher molecular 
weight hydrocarbons can be produced by the Fischer-Tropsch synthesis 
represented by the following general set of reactions:
where Equations 2-4 are for the production of paraffins, olefins, and 
alcohols respectively. However, Fischer-Tropsch actually refers only to
1
CO + 3H„ -» CHy + H„0 2 4 2 (1-1)
nCO + (2n + 1)H2 ■* C 2n+2 ( 1- 2 )
nCO + 2nH„ ■* C H„ + nH„0 2 n zn 2 (1-3)
nCO + 2nH„ C H. A10H + (n - 1)H_0 2 n 2n+l 2 (1-4)
the above reactions at a total pressure of one atmosphere. For reac­
tions at higher pressures, there are other names (e.g. Fischer-Pichler 
for "medium" pressure syntheses). For simplicity, the reactions will be 
grouped together and referred to throughout this dissertation as carbon 
monoxide hydrogenation (unless for clarity a particular name is needed).
These hydrocarbon production reactions are catalyzed by a variety 
of metal and/or metal oxide catalysts. However the major problem asso­
ciated with these catalytic processes is lack of product selectivity. 
Presently the only selective catalysts are those for raethanation. For 
reactions producing products with carbon numbers greater than one, a 
product distribution is obtained. Considerable effort has been expended 
to optimize the reaction (i.e. the catalyst) to obtain a narrow distri­
bution around some desired product(s). Product selectivity has been 
accomplished to some extent by a variety of catalyst modification meth­
ods, i.e. varying the support material, alloying active catalytic met­
als, and selective poisoning. However, further progress depends on an 
understanding of how changes in the physical and electronic states of 
the catalyst control product selectivity. To aid in this endeavor many 
spectroscopic and physical characterization techniques have been em­
ployed, i.e. X-ray diffraction, gas adsorption, Mossbauer spectroscopy, 
infrared spectroscopy, and X-ray photoelectron spectroscopy, to name a 
few. Thus a major emphasis in the investigation of catalytic hydrogena­
tion of carbon monoxide, as well as other catalytic studies, is to gain 
an understanding of "how catalysts work," that is to define the "active 
site" and the catalytic reaction. Such understanding should move the 
field of catalysis from an art to a science. The ultimate utility of
such understanding will be the molecular design of a catalyst to perform 
the desired function.
Presently one of the major areas of interest is the use and charac­
terization of "alloy" or "bimetallic cluster" catalysts. This interest 
in the comparison of the properties of mixed metal catalysts to those of 
the separate components is due to a number of reasons, some of which are 
(3):
1) Some bimetallic catalyst systems exhibit higher catalytic 
activity than either of the constituents alone.
2) Some bimetallic catalysts exhibit increased selectivity when 
compared to the individual components or physical mixtures of 
them.
3) Under severe industrial conditions, certain supported bimetal­
lic (or multi-metallic) catalysts demonstrate superior stabil­
ity as compared to single metal systems.
4) Bimetallic systems demonstrate significant differences between 
surface and bulk composition. With modern surface sensitive 
techniques to characterize the surface of the metal crystal­
lite (which is the catalytically active component), the corre­
lation of surface composition with catalytic activity can be 
accomplished.
Another area of high research activity in the field of catalytic CO 
hydrogenation (as well as catalysis in general) is in the characteriza­
tion of the poisoning mechanism. Poisoning can occur by active site 
blockage or by electronic effects. Improvements in catalyst lifetime 
depend on an understanding of, and an ability to manipulate, these 
mechanisms.
Since the influence of poisons on catalysts and the surface compo­
sition of mixed metal catalysts can both be determined by modern surface 
science techniques, this study was undertaken to investigate the well- 
known hydrogenation-active metals, Fe and Ru, on a zeolite support using 
X-ray photoelectron spectroscopy (XPS). The XPS results were supported 
by kinetic studies of the catalytic hydrogenation reaction, so that 
property-activity correlations could be made for the single metal sys­
tems as well as the bimetallic materials. The poisoning mechanism for 
this set of model catalysts was also investigated by XPS and kinetic 
measurements.
One serious problem encountered in the XPS work (and reported many 
times in the literature) was the interpretation of "matrix" effects on 
the zeolite-supported metallic systems. Thus, a related, but self- 
contained study was done to characterize the influences that several 
common catalyst support materials exhibit on the XPS spectra of the 
metal residing in or on them. An effort was made to understand the 
"matrix" effect by using an inert gas implantation procedure (4, 5).
The degree of metal-support interaction was also investigated.
CHAPTER II
BACKGROUND AND LITERATURE REVIEW 
Introduction
The study of carbon oxide hydrogenation has been ongoing for over 
80 years, and therefore a complete review of the literature here would 
be impractical. A brief overview of the literature from 1902 to the mid 
1970's will be presented with the reader directed to the excellent 
reviews by Pichler (6), Mills and Steffgen (7), and Vannice (8) covering 
this same period. A more detailed review covering the years from the 
mid 1970's to the present will follow. The emphasis will be on iron 
and/or ruthenium catalysts, catalyst poisoning, and studies using X-ray 
photoelectron spectroscopy (XPS) as a characterization technique. The 
25 year operation of a major Fischer-Tropsch plant (Sasol Ltd.) was 
reviewed in 1981 by Dry and Hoogendoorn (9) and will not be covered 
here.
Catalysis
Homogeneous vs. Heterogeneous Catalysis
A question that arises in any study of catalysis is the choice of 
whether to use a homogeneous or heterogeneous catalyst. In order to 
answer this question a comparison of the advantages and disadvantages 
have been studied (10).
5
6Homogeneous catalysts are by nature more reproducible than hetero­
geneous catalysts due to their fixed stoichiometry and structure. This 
reproducibility and homogeneity is difficult to achieve in heterogeneous 
catalysts even with exact preparations, due to surface inhomogeneity. 
Normally such inhomogeneity is caused by variations in catalyst prepara­
tion and treatment and gives rise to a multiplicity of active sites.
The fixed structure of homogeneous catalysts also gives rise to their 
inherent selectivity, which is controlled by ligand-imposed steric and 
electronic effects. Since the selectivity is controlled by the ligands, 
it is extremely easy to vary the selectivity of the catalyst by changing 
one or more ligands. However, a disadvantage of homogeneous catalysts 
is the need for the catalyst to be soluble in the reaction mixture or 
the solvent system for the reaction.
All of the above mentioned properties; reproducibility, selectivi­
ty, and selectivity variability, are not easily achieved with heteroge­
neous catalysts. The advantages of heterogeneous catalysts are thermal 
stability and separability of catalyst from reactants and products. In 
general, heterogeneous catalysts are more thermally stable since they 
are usually either metals or metal oxides, in contrast to metal complex 
homogeneous catalysts which may decompose at elevated temperatures.
Thermal stability allows one to optimize process conditions by increas­
ing reaction rates by increasing temperature. The other, and usually 
the overriding, advantage is the ease of separation involved with heter­
ogeneous catalysts. In a flow system utilizing a heterogeneous cata­
lyst, separation is usually not needed. In a batch reactor separation 
is necessary for all catalysts, but usually can be accomplished by 
simple filtration with heterogeneous catalysts, whereas homogeneously
7catalyzed reactions require product-catalyst separation, an energy 
intensive step.
A new type of catalyst was introduced in the late 60's and early 
70's which is a heterogenized homogeneous catalyst. These materials are 
produced by attaching a metal complex catalyst to a solid support (10).
The first reported work dealt with a metal complex ion exchanged on a 
polystyrene resin. Another common method used to prepare a supported 
homogeneous catalyst is the replacement of a ligand of a metal complex 
with a ligand attached to an insoluble polymer. These catalysts share 
some advantages and disadvantages of both homogeneous and heterogeneous 
catalysts.
For the gas phase CO hydrogenation reactions, the choice of a 
heterogeneous catalyst is obvious, although CO hydrogenation can be 
performed in the liquid phase under a high pressure CO/l^ atmosphere.
Once the choice of a heterogeneous catalyst is made, the next decision 
is whether to use an unsupported or supported catalyst. A supported 
system is often chosen to obtain a high metal surface area.
CO Hydrogenation
The catalytic hydrogenation of carbon monoxide began with the 
synthesis of methane by Sabatier and Senderens in 1902 (1, 2). In 1913 
a patent was applied for by Badishe Anilin und Sodafabrik for the high 
pressure production of hydrocarbons and oxygenated products from CO and 
(6). Fisher and Tropsch in 1925 reported producing measurable 
amounts of higher molecular weight hydrocarbons at atmospheric pressure.
In the following years various metals and metal oxides were tried as 
catalysts. A large amount of research was done with nickel and nickel
based catalysts (nickel was the metal used by Sabatier and Senderens and 
is still a widely studied metal). Iron and cobalt were the other two 
most widely investigated metals. Even in these very early studies it 
was realized that the presence of sulfur (primarily as H^S) was a seri­
ous problem. This prompted research in the pretreatment of reactant 
gases to remove sulfur and in the development of sulfur resistant cata­
lysts .
In the mid 1930's Fischer and Pichler did studies directed toward 
the reduction in the methane fraction and an increase in the production 
of liquid hydrocarbons. They found that a higher molecular weight 
product could be produced by the use of a stepwise synthesis using "old" 
catalysts early in the reactor and "new" or freshly reactivated cata­
lysts further downstream. One other improvement was to remove water and 
liquid hydrocarbons at intermediate steps.
An early example of an iron containing bimetallic catalyst was one 
used by Fisher and Meyer around 1935. This was an iron/copper precipi­
tated catalyst. The addition of the copper increased the catalyst’s 
lifetime from 8 to 30 days (lifetime determined as a drop to 80% of the 
initial activity). One role the copper plays is to decrease the temper­
ature needed to reduce the iron.
An early success with ruthenium as a carbon monoxide hydrogenation 
catalyst was in the late 1930's. Pichler used ruthenium (earlier work 
with ruthenium showed it to be inactive at atmospheric pressure and at 
temperatures below 250°C) in a high pressure, low temperature batch 
reactor which produced higher molecular paraffins than had been produced 
previously. Nickel and cobalt were not used due to the formation of 
carbonyls at high pressures, and iron was not sufficiently active at the
low temperatures desired (^140°C). Another advantage of ruthenium cata­
lysts was their ability to remain active with no change in product 
distribution over long periods of time (6 months). However a rapid 
decline in activity was observed if traces of any compounds containing 
sulfur were present in the reactant feed stream, ruthenium being very 
easily poisoned by sulfur.
Other platinum group metals were tried with varying results.
Rhodium was found to be comparable to ruthenium in activity while pal­
ladium and iridium were almost inactive to CO hydrogenation. A study by 
McKee (11) in 1967 of the platinum group metals and their interactions 
with CO and gave slightly different results than those reported by
Pichler (6). Unlike Pichler, McKee did not find Rh to be nearly as 
active for CO hydrogenation as Ru, although Rh did exhibit some activi­
ty. Ruthenium was found to be very active for CO hydrogenation (11), 
with CO being easily removed from the metal with hydrogen at 150°C.
McKee attributed this to Ru having the lowest affinity for CO as com­
pared to the other noble metals.
A study done in the mid-1960's (7) on the activity of noble metals
as CO hydrogenation catalysts ordered their activity as Ru >> Rh >> Re
> Pt, Pd > Os. The data was for catalysts prepared as 0.5% metal on 
alumina and a total reaction pressure of 21 atm (the H^/CO ratio was 3).
In the late 1940's Pichler and Merkel (6) studied the carborization 
of iron and iron/copper catalysts. They discovered the formation of an 
iron carbide which was extremely stable to hydrogenation under synthesis 
conditions (this is a major poisoning route for iron-containing cata­
lysts) .
A desire to increase the olefin:paraffin ratio (olefins are better 
feedstocks) lead to a study involving the variation of CO:^ ratios and 
the relative amounts of recycle gas to fresh synthesis gas. The frac­
tion of olefins produced was found to be a function of the CO:^ ratio 
and varied from 20 to 70% olefins with COiH^ ratios of 2 to 0.5 respec­
tively using a cobalt catalyst operating at 7 atm.
In 1954 studies began to determine the nature of CO adsorbed on 
various metals, with or without the presence of l^, using infrared 
spectroscopy (7). Infrared data show evidence of carbon monoxide being 
bonded to the metal through the carbon. Originally CO was believed to 
adsorb in two forms, linear and bridged, with the bridged species being 
the more tightly held (the carbon-oxygen bond being more weakened in the 
bridged case). Later studies in the early 1970’s (8) also showed the 
existence of two forms (linear and bridged) of CO adsorbed on nickel 
surfaces, although molecular orbital calculations (7) gave evidence that 
all of the IR data could be explained by the consideration of linear 
bonded CO only. Another factor altering the strength of the metal- 
carbon bond is the presence of hydrogen, which is believed to donate 
electrons to the metal thus changing the electronic properties and 
consequently the bonding ability of the metal. The electron donation by 
hydrogen strengthens the metal-carbon bond for the linear form (the 
effect of coadsorption was also observed by Ekerdt and Bell (12) in 
1978) and if the metal is pretreated with hydrogen before CO chemisorp- 
tion occurs, a larger fraction of the CO adsorbs in the bridged form 
(again the stronger metal-carbon bond). A comparison of the relative 
amounts of CO adsorbed in the bridged vs. linear form on various metals 
with the respective metal CO hydrogenation ability, indicated that
11
metals which adsorb CO in the bridged form are better methanation cata­
lysts. This observation however is contrary to other findings where the 
metals which adsorb CO weakly (the bridged form being more strongly 
held) are better methanation catalysts (7, 8). Results obtained in 1980 
by Fujimoto et al. (13) on supported Ru catalysts however support the 
theory that a strongly held CO is more easily hydrogenated.
In 1963, it was speculated that the length of the hydrocarbon chain 
produced by CO hydrogenation was related to the strength of the metal- 
carbon bond. A stronger bond supposedly allowed a longer residence time 
on the catalyst surface and thus increased the opportunity for the 
growth of a longer hydrocarbon chain. Therefore metals with a stronger 
metal-carbon bond were predicted to be better Fischer-Tropsch than 
methanation catalysts.
The use of magnetic measurements to study the electronic structure 
of catalysts (in particular a series of nickel/copper alloys) was re­
ported in 1958. Of special interest was the relationship between the 
number of holes present in the 3d-band and the catalysts' methanation 
activity and chemisorptive properties. A decrease in the number of 
holes corresponded to a decrease in both 1^ chemisorption and CO metha­
nation activity. However these electronic factors seemed to have little 
or no effect on the catalysts’ CO2 methanation ability.
During the early 1970's it was realized that there did not exist a 
good method for comparing kinetic data for catalytic reactions. How­
ever, with the relatively new ability to measure reliably the chemisorp­
tion of active gases (primarily Hg and CO) it became possible for re­
searchers to report specific activities or turnover numbers, i.e. the
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rate per active surface site. This now gave a common basis for the 
comparison of various catalysts.
In a review by Vannice (8) specific activities were tabulated for a 
number of catalysts. The turnover numbers (for CH^ production at 275°C 
with 1^ and CO pressures of 0.75 and 0.25 atm respectively) ranged from 
1.8 x 10^ for 2% Ir on alumina, to 1.81 x 10** sec * for 5% Ru on alumi­
na. Vannice (14) determined the specific activities of a number of 
Group VIII metals so that their relative activities could be compared 
with the activities determined in 1925 by Fischer and co-workers (15).
The most significant change in relative activity was for iron. Origi­
nally iron was found to be very inactive, but as shown by Vannice this 
was due to the very low dispersion of the iron catalyst. Vannice (14) 
ranked the Group VIII metals by specific activity, beginning with the 
most active metal: Ru, Fe, Co, Rh, Ni, Ir, Pt, Pd. In a later study,
Vannice (16) reported a variation in specific activity of nickel with 
different supports. However he was unable to find any correlation 
between the change in activity with any support property. Variations in 
specific activities with support were also observed (16-18 and others) 
for other metals, however the magnitude of the change was dependent on 
what metal was under investigation.
In a study of platinum and palladium methanation catalysts, both 
supported and unsupported, Vannice (17) showed that by supporting the 
metals (on various supports) an increase of approximately two orders of 
magnitude in specific activity was obtained. However support variations 
accounted for only a change in specific activity by a factor of less 
than two. This was attributed to CO adsorbing predominately in a 
bridged form on large crystallites, and linearly on small crystallites
(unsupported and supported respectively). Hence on supported Pt the 
CO-Pt bond strength decreases and thus the activity for methanation is 
increased. In the same study Vannice also obtained the same trends for 
Pd, but the magnitude of the change in specific activity was not as 
great as in the case of Pt. Palladium was also found to be a more 
support sensitive metal than Pt with a change in specific activity of 
greater than 40 as compared to less than 2 for Pt. However the influ­
ence exhibited by the support probably occurs only with small (<100 8) 
metal particles. The change in activity was again attributed to the 
relative amounts of linear vs. bridged CO adsorbed.
Vannice (16) also observed an increase in specific activity by 
supporting nickel, which he attributed to a decrease in crystallite 
particle size upon supporting the metal. Although Vannice observed 
different activities for various Ni catalysts, he calculated, witnin 
experimental error, the same apparent activation energy for all of the 
catalysts studied. This and a consistency in CO and Hj partial pressure 
dependencies would seem to infer that "...no major change in the micro­
scopic reaction path occurs in the methanation reaction although Ni is 
dispersed on a number of different support materials with widely differ­
ing physical and chemical properties" (16). Although the methanation 
reaction seems to be unaltered by support effects, the production of 
higher molecular weight hydrocarbons (C^+) is enhanced significantly by 
supporting the metal. The small variations in specific activity with 
support change was speculated by Vannice to be due to Ni having the 
lowest heat of adsorption of CO of the Group VIII metals.
Vannice (8) in 1976 updated a previous correlation plot (19) with 
more recent data. This plot demonstrated even more clearly that a
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correlation is present between a metal's methanation activity and its CO 
heat of adsorption, i.e. as the heat of adsorption increases in magni­
tude the methanation activity decreases (a plot of the log of the activ­
ity as a function of heat of adsorption gave a linear trend).
Data from Vannice (16), Van Hardeveld and Hartog (20) and Bhatia 
et al. (21) suggest the existance of an optimum particle size (for any 
particular support) where either larger or smaller crystallites show a 
decrease in specific activity. The exact nature of the particle size 
effect is not known. However, since catalyst surfaces consist of sev­
eral types of active sites with different CO adsorption abilities and 
changes in particle size may affect the relative populations of these 
different active sites, then a change in specific activity (with parti­
cle size change) would not be unexpected. Although this is one of many 
effects which may influence catalytic activity, Vannice (16) stated that 
any effect which promotes the formation of a weaker M-CO bond, thus 
allowing Hj to adsorb more competitively with CO, increases the activity 
since hydrogen is involved in the rate determining step.
Vannice and Garten (22) in 1979 reported a significant deviation in 
performance for Ni supported on titania (TiO^) as compared to other Ni 
catalysts. These catalysts had a specific activity 1-2 orders of magni­
tude higher for CO hydrogenation. However the product distribution was 
significantly shifted towards higher molecular weight hydrocarbons 
(C^+). Another significant deviation from performance exhibited by 
earlier Ni catalysts was the change in product distribution with an 
increase in total reaction pressure. Usually an increase in the total 
reaction pressure favors the production of higher molecular weight 
products, but with Ni/TiO^ an increase in pressure shifts the product
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distribution towards methane! The exact nature of the metal-support 
interaction was not known.
Infrared studies of carbon monoxide adsorption on ruthenium gave 
results different than those obtained for most other metals (8). The 
results indicated multiple adsorption on ruthenium surface sites with a 
maximum approaching 4 CO molecules per ruthenium atom. Following the 
individual investigations of CO and adsorption on metals, their 
coadsorption and surface complex formation was studied. These investi- 
gations were typically done at temperatures below that necessary for 
product formation and various surface oxygenated species have been 
reported; examples include the functional groups of aldehydes, carboxyl- 
ic acids, carbonates, carbonyls, and alcohols (8). However most authors 
have reported the surface species to have a stoichiometry of ^C O  and a 
greater volumetric adsorption of both gases than when adsorbed independ­
ently. Most researchers have suggested that the surface complex con­
tains a metal-carbon bond, however some evidence (experimental and theo­
retical calculations) now indicate that on some metals, bonding may be 
through the oxygen. Vannice (19), in his proposed mechanism for the 
methanation reaction, also proposed an intermediate containing one CO 
molecule and one molecule adsorbed on a single surface site, but 
without restricting the complex to any specific species.
In 1978 Dwyer et al. (23) reported a thermal programmed desorption 
study (TPD) of rhodium foils. They examined the chemisorptive behavior 
of CO on both clean Rh foil and the metal covered with a carbonaceous 
deposit. On the sample covered with a carbonaceous deposit the TPD 
detected a second CO desorption peak, not seen on clean Rh, which oc­
curred at a much higher temperature (~1000K). This behavior was also
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observed in the case of Ni (24), the additional peak being attributed to 
dissociated CO recombining and desorbing. Therefore CO dissociation 
must be enhanced by the carbonaceous deposit as compared to clean Rh.
Using IR as a method to obtain the relative amounts of linear vs. 
bridged (or multi-coordinated) CO upon partial coverage of the active Ni 
surface with carbon or sulfur, it was determined that bridged CO disso­
ciates more rapidly and therefore is the major species involved in 
methanation initiation (24).
A major concern in the study of CO hydrogenation is product dis­
tribution. There have been several attempts to describe the product 
distributions mathematically. A correct mathematical description of the 
product distribution would allow one to calculate the "maximum" amount 
of any product under optimum conditions for that product. One model 
which has been relatively successful in describing the product distribu­
tions of many published CO hydrogenation studies is the "Schulz-Flory 
(SF) polymerization" theory (25). The SF theory is based on a simpli­
fied chain growth mechanism wherein one carbon atom is added to the 
carbon chain and the rate of growth is assumed to be independent of 
carbon number. The resultant chain lengths are governed by competition 
between incremental growth and termination, where both processes are 
chain length independent (26) . In order to overcome the theoretical 
maximum yield (of a particular carbon number) predicted by a SF distri­
bution, a secondary catalyst is added. This allows the conversion of 
the primary CO hydrogenation products to obtain a more selective product 
slate. One implementation is the use of a physically mixed CO hydroge­
nation catalyst and a zeolite cracking catalyst (25). An increase in 
the C<j-Cj2 fraction from 40 to 60% was demonstrated by the addition of
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an acid-ZSM-5 zeolite. The operating conditions can then be optimized 
to obtain the most efficient use of both catalysts involved.
Metals supported on zeolites also exhibit a product distribution 
which does not follow SF predictions (25, 27). In the case of ruthenium 
supported in the cages of a Y-type zeolite a sharp cutoff in carbon 
number was observed from Cg to (27). The chain growth limitation is 
not what would be expected from a secondary effect as before; instead, 
the size of the zeolite cage was initially thought to constrain the CO 
hydrogenation products' maximum length (this would be in agreement with 
results from studies with various pore size aluminas which showed a 
dramatic drop-off in chain length at some maximum which varied with pore 
size (26, 28)). In the case of the ruthenium on zeolites the restric­
tions in chain growth were later found (29) not to depend directly on 
the size of the zeolite cage. However the metal particle size had a 
direct influence on chain length (increases in metal particle size 
caused a linear increase in carbon chain length) and the metal particle 
size is influenced by the zeolite cage structure.
From the previous conclusions a new model (the Extended Schulz- 
Flory model) was proposed to describe Fisher-Tropsch product distribu­
tions (30). The model has three parameters; chain growth probability, 
average particle size, and particle size distribution about the average.
The Extended Schulz-Flory model was able to fit all available CO hydro­
genation data, including those which deviate strongly from normal 
Schulz-Flory distribution (except for methane which is thought to be 
produced by more than the initiation step of the polymerization scheme 
used in either normal or Extended Schulz-Flory models). The Extended 
Schulz-Flory model predicts that with proper control of metal particle
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size and size distribution a maximum selectivity of 57% for is ob­
tainable with the maximum selectivity decreasing to only 47% for C^ ,. 
optimization. Presently, no selectivities as high as these have been 
realized, other than for CH^.
Another method currently being investigated which has an excellent 
selectivity for gasoline (C,.-C^, with an octane number of 95) is based 
on Mobil's methanol-gasoline process (26). The Mobil process consists 
of essentially three parts; the first is the production of methanol from 
CO/H^ mixtures; second, the products (primarily methanol) are dehy­
drated; and finally, the resulting products are reacted over Mobil’s 
ZSM-5 zeolite (usually in the acid form) to produce hydrocarbons, with a 
large fraction of aromatics.
In a study conducted by UOP, Inc., under contract to the Department 
of Energy to evaluate four of the more promising Fischer-Tropsch sys­
tems, it was determined that the most important variable was temperature 
(31). The hydrogen-carbon monoxide ratio was found to be almost as 
important. Product variability can be important, since most of the 
early work concentrated on optimizing gasoline production, and even 
though still important, there is a shift in emphasis towards the produc­
tion of low molecular weight olefins for chemical feedstocks. Therefore 
the ability to change a system to selectively produce different products 
is an important factor in the selection of a CO hydrogenation system.
It is expected that with variations in operating conditions the product 
distribution can be shifted to light olefins for feedstock as needed.
King reported in 1977 (18) changes in olefin:paraffin ratios (C2, 
and normal hydrocarbons were studied) in ruthenium catalyzed 
reactions, both for supported and unsupported catalyst systems. King
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found no direct correlation of olefin:paraffin ratio with support mate­
rial but he did observe an increase in the ratio with a decrease in 
metal loading, which he attributed to a concurrent decrease in CO con­
version rather than any specific metal-support interaction. The major 
exception was a comparatively large ratio for unsupported Ru. One other 
observation made by King was a comparison of the formation of branched- 
chain and straight-chain hydrocarbons. With most of the catalysts 
studied there was very little branched-chain products. The major excep­
tion was the zeolites. An interesting note is the comparison of two NaY 
zeolite catalysts, one prepared by impregnation and the other by ion- 
exchange, where the former gave a much greater fraction of branched- 
chain products. However King also found that an increase in branched- 
chain hydrocarbons could be produced by a catalyst prepared by the 
physical mixing of a zeolite with another Ru catalyst. This would 
suggest isomerization is occurring predominately after hydrocarbon 
production, and not on the active Ru sites.
In agreement with earlier IR studies (7, 8), surface structure 
analysis reported in 1979 demonstrated the existance of both the linear 
and bridged CO species on metal surfaces (32). However a new species 
was also observed to exist on small metal particles (<10 nm). This new 
adsorbed species is a gem-dicarbonyl where two CO molecules are bound to 
one metal atom. Kellner and Bell in 1981 (33) also observed all three 
forms of adsorbed CO on an Al^O^ supported Ru catalyst, with the linear 
form being the primary species. Although the above CO species were 
observed (32), the most active species was found to be surface carbon 
formed from the dissociation of CO. This active surface carbon was only 
produced over a narrow temperature range; specifically, a high enough
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temperature is needed for dissociation but a temperature too high will 
cause the active surface carbon to graphitize, thus becoming very inac­
tive towards hydrogenation.
Rabo et al. (34) studied Ni, Co, Pd and Ru on SiO^ catalysts in a 
pulse reactor system where successive CO and pulses were delivered
under varying conditions. They also showed the most active surface 
species to be a dissociated CO, assumably a "carbidelike" species. They 
also observed the formation of an inactive "graphitelike" species at 
higher temperatures. From the variations in methane production and CO 
dissociation ability, Rabo et al. speculated that metals which promoted 
CO dissociation are more active towards the production of methane and 
higher hydrocarbons, whereas metals which adsorb CO associatively should 
be more active towards producing oxygenated products.
Ekerdt and Bell in 1978 (12) reported that during an in situ IR/ 
kinetic study of silica supported ruthenium catalysts CH^ production 
still occurred after the presence of chemisorbed CO could no longer be 
detected. From this evidence they also concluded that the active spe­
cies is dissociated CO. An isotopic exchange study of CO was done by 
McCarty and Wise (35). Using temperature programmed desorption and mass 
spectroscopy they characterized an A1,.0- supported Ru catalyst. The 
results again agreed with others in that CO dissociation must be an 
important step in the hydrogenation of CO on Ru.
Fischer-Tropsch catalysts are usually in the form of supported, 
highly dispersed, zero valent metal particles. These are often prepared 
by the aqueous deposition of a metal via an ionic salt, dried and then 
reduced in hydrogen at an elevated temperature. In the case of iron the 
reduction is not easily achieved due to its electro-positive nature (as
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compared to the other Group VIII metals). Thus iron forms very strong 
bonds with many other elements, especially carbon and oxygen.
The two desirable features in Fischer-Tropsch catalysts (zero 
valency and high dispersion) are generally not both obtainable with iron 
catalysts. To obtain a highly dispersed catalyst a strong metal-support 
interaction is needed, however as demonstrated by Mossbauer spectroscopy 
this strong interaction makes reduction to the metallic state unachieva­
ble (36). For weakly interacting supports, drying the catalyst in a 
vacuum also allows the formation of small metal particles (37). However 
catalyst reduction is possible only if the iron particles are large.
This can be accomplished by either a high metal loading (>3 weight 
percent iron) or by sintering of the iron particles before reduction.
Thus it is obvious that having small zero valent iron particles is 
extremely difficult to achieve. An alternate method to the aqueous 
deposition method is by the use of zero valent carbonyl complexes which 
are subsequently decomposed to leave small metal particles on the sup­
port. However because of the extremely small particle size the metal is 
very easily oxidized which complicates using this method (36).
Dalla Betta et al. (38) reported the initial rates of reaction for 
supported Ru and Ni catalysts. They observed the Ni catalyst to be 
twice as active as the Ru catalysts. The effect of variations in parti­
cle size (the metal crystallites studied were 90 $ and less) was also 
studied. Surprisingly, no change was observed in the specific rates 
over Ru, although the surface coordination numbers should vary signifi­
cantly with particle size. Carbon monoxide adsorption data, obtained by 
Dalla Betta et al., showed the presence of multiple adsorption by CO.
The multiple adsorption occurred predominately on edge and corner sites
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of the Ru crystallite, and since smaller metal particles would have a 
larger number of these types of sites, the smaller particles would have 
a greater CO adsorption ability. Since no particle size effect was 
observed for the CO hydrogenation reaction, this would imply that the 
adsorption of CO is not a rate determining step. This would be in 
agreement with the work of McKee (11). However steady-state results by 
King (18) and Dalla Betta et al. (39) indicate a decrease in specific 
activity with increasing dispersion.
Vannice and Garten in 1980 (40) compared Ru on various supports. 
Specifically they were interested in comparing a TiO^ support to more 
widely used supports (SiO^, Al^O^, activated carbon and unsupported Ru). 
They also suggested that the low specific activity of the TiO^ supported 
catalyst was due to a high dispersion as observed by King (18) and Dalla 
Betta et al. (39). Vannice and Garten also observed an increase in the 
average molecular weight of hydrocarbon products as compared to the 
other supported catalysts and a significant increase in the fraction of 
olefins produced. They attributed these findings to an undefined strong 
metal-support interaction.
As mentioned previously, Vannice (14) conducted a study to compare 
the specific rates of the Group VIII metals for the CO hydrogenation 
reaction. He observed Ru to be the most active, but he also found Ru to 
produce (at 1 atm total pressure) the highest average molecular weight 
product distribution. This is in agreement with Dalla Betta et al. (39) 
who found Ru to be more active than Ni under steady-state conditions, 
although previously Dalla Betta et al. (38) had reported Ni to be more 
active when considering initial rates. Dalla Betta et al. (39) also
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found that Ru gave a larger fraction of higher molecular weight hydro­
carbon products than Ni. This makes Ru a very attractive metal for the 
production of products other than methane.
A study by Cant and Bell (Al) on a Ru/SiO^ catalyst found adsorbed 
CO to be the dominant surface species in equilibrium with gas phase CO. 
However CO is shown to dissociate to produce surface carbon and oxygen, 
with the oxygen being quickly hydrogenated to H^O. The major path for 
the production of CH^ was found to be via the surface carbon even though 
CO covered more than 85% of the Ru surface. Adsorbed ft was also found 
to be in equilibrium with the gas phase.
A detailed study of Ru/Al^O^ catalysts reported by Kellner and Bell 
(42) in 1982 reconfirmed the findings of Dalla Betta et al. (39) and 
King (18) which indicated that an increase in dispersion lowered the 
specific activity of the catalysts, Kellner and Bell found two differ­
ent changes in activity. They found that with dispersions increasing to 
about 0.7, a moderate decrease in specific activity was observed, while 
the specific activity declined drastically for increases in dispersion 
above 0.7. Along with the decline in turnover number (dispersions >0.7) 
the olefin:paraffin ration was also found to decrease rapidly. For 
dispersions of <0.7 they attributed the decrease in specific activity 
(with increasing dispersion) to a decrease in the available planar sites 
on the Ru crystallites. However, for dispersions of >0.7 they specu­
lated that electronic changes in the Ru crystallites and/or support 
interactions were the major influencing factors.
Bimetallic Catalysts
Early in the study of bimetallic systems it was found that the 
alloys produced in a catalyst are not necessarily in the stoichiometry
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of the metal loadings. Also realized was that even if a particle con­
tained a specific metal ratio this did not mean that the particle was 
homogeneous. The inhomogeneity is produced by surface segregation, 
wherein one of the components moves so as to enhance its concentration 
at the surface. The exact explanation for the surface enrichment is 
still controversial. One theory is only a size consideration, where the 
larger atoms go to the surface to allow a better packing of the inter­
ior. Another explanation is a surface concentration of the component 
with the lower surface energy. A significant amount of work has begun 
in order to determine the surface composition of bimetallic catalysts 
using recently acquired surface sensitive techniques such as AES (Auger 
Electron Spectroscopy), XPS (X-ray Photoelectron Spectroscopy, also 
referred to as ESCA, Electron Spectroscopy for Chemical Analysis) and 
LEED (Low Energy Electron Diffraction), and relating this to the cata­
lysts' observed chemisorptive and kinetic properties.
In the early 1970's research directed towards the physical charac­
terization of mixed metal catalysts began. Mixed metal catalysts are 
referred to as alloy, bimetallic cluster or bimetallic alloy catalysts.
The use of the term "bimetallic cluster" (43) to describe catalysts has 
become more prevalent so as to avoid any confusion with the general 
concept of an alloy. This is especially true in the cases where the 
elements under consideration form no bulk alloy, but do interact in 
highly dispersed systems. Therefore in the study of bimetallic cata­
lysts it is of major importance to determine that the two metals have 
formed a cluster containing both metals and are not existing separately. 
Frequently one or more physical characterization and/or kinetic measure­
ments are made to determine the existance of bimetallic clusters.
A bimetallic PtFe catalyst on Al^O^ was studied (8) by various 
techniques and found to contain three chemically different states of 
iron (ferrous ions, iron metal, and bimetallic clusters). However, 
Bartholomew and Boudart (44) were able to prepare a carbon supported 
PtFe catalyst which contained essentially PtFe bimetallic clusters with 
no significant amount of either metal existing separately. They deter­
mined this by a combined use of X-ray diffraction, Mossbauer spectros­
copy and magnetic susceptibility measurements. As known from other 
studies of iron alone, ferrous ions are catalytically inactive and 
zero-valent iron is active for the CO hydrogenation reaction (8).
However the iron in the bimetallic clusters was also found to be inac­
tive. This inactivity was attributed to a decrease in electron density 
on the iron (needed for donation to the adsorbed species for activa­
tion) .
In 1977 thermal programmed desorption (TPD) was used to character­
ize adsorbed CO on Ni and NiCu alloy films (24). Carbon monoxide was 
adsorbed at 78 K and upon heating, CO was found to desorb at 4 tempera­
tures. The lower 3 temperatures were the same for both pure Ni and the
Ni-Cu alloy. However the highest temperature at which CO desorbs de­
pends on the alloy composition. This is speculated to be dissociated CO 
recombining, since CO is known to dissociate (and recombine) in this 
temperature (~450 K) range (45). Also observed with repeated 
adsorption/desorption of CO on the NiCu alloy was a decrease in the 
amount of Cu on the surface (24). This phenomenon was also observed in 
a study using IB spectroscopy. Both studies arrive at the same conclu­
sion; alloying varies the adsorption properties of the metals to only a
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small extent. However the relative amounts of each type of adsorbed 
species vary substantially with alloy composition (8, 24).
The above information in conjunction with kinetic data (for a NiCo 
alloy) demonstrated a decrease in activity by more than an order of 
magnitude greater than the decrease in Ni content of the surface. Since 
TPD and IR show no changes in the electronic structure of Ni upon alloy­
ing and the decrease in activity is greater than what is expected by a 
dilution factor alone, certain adsorbed species must require an ensemble 
of several Ni atoms. The number of these ensembles would decrease 
rapidly upon alloying. The same conclusion, that the "ensemble effect" 
was dominate over any electronic effect, was arrived at by Soma-Noto and 
Sachtler (46), for Pd-Ag/SiO^ catalysts. The conclusions were based on 
an IR study of CO adsorption on a series of Pd-Ag/SiC^ (0-61% Ag) cata­
lysts .
Similar conclusions were arrived at by Miura and Gonzalez (47) 
investigating the methanantion activity of well characterized PtRu 
bimetallic clusters on SiC^. They observed a surface enrichment in Pt 
by using selective gas adsorption techniques. The methanation activity 
of the catalyst was found to be proportional to the number of Ru-Ru 
sites on the surface as compared to Pt-Pt or Ru-Pt sites. This again 
suggests an ensemble effect. It has been proposed (39) that an optimum 
crystallite size for any particular catalyst composition may exist and 
this may be related to the ensemble effect, especially in the case of 
bimetallic systems, where the number of correct ensembles would decrease 
with decreasing crystallite size.
Ruthenium and osmium were each combined with copper on silica 
supports by Sinfelt (43, 48) to produce bimetallic cluster catalysts.
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The formation of bimetallic crystallites was ascertained by a comparison 
of the combined individual activities versus the activity of the bime­
tallic cluster catalysts (the reactions used were ethane hydrogenation 
and cyclohexane dehydrogenation (to benzene) and hydrogenation (prima­
rily to methane)). These reactions were choosen since Ru and Os are 
active for all three and Cu is inactive for all. A sharp decrease in 
activity was observed for all of the hydrogenation reactions, therefore 
implying the formation of bimetallic clusters. The insensitivity of the 
cyclohexane dehydrogenation reaction to Cu incorporation demonstrates 
the ability of bimetallic cluster formation to change catalyst selec- 
tivities without necessarily affecting the activity.
Mossbauer spectroscopy (for iron) was used by Garten (49) to deter­
mine the presence of PdFe bimetallic clusters. The presence of Pd as 
bimetallic clusters was found to catalyze the reduction of Fe to the 
ferrous state at room temperature. Garten also proposed the formation 
of PdFe clusters (upon reduction in Hj at ^400°C) due to Fe being found 
in the metallic state by Mossbauer spectroscopy. The Mossbauer isomer 
shifts observed for Fe which were attributed to the bimetallic cluster 
are in close agreement with the observed value for a dilute Fe in bulk 
PdFe alloys.
Urabe and Ozaki (50) compared an unsupported RuFe catalyst against 
unalloyed Fe and Ru oitalysts for the ammonia synthesis and nitrogen 
isotopic equilibration reactions. The catalyst was prepared by reduc­
tion of a ruthenium and iron chloride mixture for more than 100 hours at 
a,maximum temperature of 480°C. The catalyst gave X-ray diffraction 
results which were in agreement with a 60:40 atom ratio Ru:Fe alloy.
However the kinetic results indicated the catalyst surface to be
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enriched with iron. The activation energies were similar to iron alone 
(although somewhat lower), but the rate of both reactions is less on the 
RuFe catalyst as compared to either of the separate metals. No explana­
tion of this phenomenon has been presented other than that the RuFe 
catalyst must not form the active sites necessary for activation as well 
as is done by the individual metals.
Vannice et al. (51) prepared two series of RuFe on silica cata­
lysts. The total metal loading for the two series was ~5-6 wt.% for the 
first series and ~l-2 wt.% for the second. In each series the fraction
of Ru was varied from 1 to 0. Mossbauer spectroscopy revealed that the
2+iron could not be reduced below the Fe state until the amount of iron
was at least 0.5 wt.%. Vannice et al. attributed this to a metal-
support interaction, wherein there are a certain number of sites on the
2+
support which interact with the Fe to prevent reduction to Fe°.
However Raupp and Delgass (37) found the reducibility of iron to the
zero valent state to be due only to a particle size effect. As the
particle size increases the amount of metal-support interaction (per
iron atom) is reduced, thus allowing reduction to occur beyond the
divalent state. Higher loadings of iron would usually be accompanied by
the formation of larger particles, thereby allowing reduction, unless
special pretreatment procedures were followed to insure only small
particle formation. Raupp and Delgass were able to prevent migration of
the iron ions and thus the formation of large Fe particles by drying the
impregnated samples (up to 10 wt.% Fe) at room temperature in a vacuum.
3+The almost non-reducibility of Fe at low Fe loadings in a RuFe/SiC^ 
was also observed by Guczi et al. (36). However this inability to 
reduce the Fe was attributed to small particles and a poor metal-metal
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interaction between the iron and ruthenium. Another explanation sug­
gested was that since iron reduction requires large particles, which 
could not be obtained by calcination, ruthenium atoms were filling the 
spaces between the iron oxide particles and thus restricting their 
agglomeration.
Upon exposure to 1^, Vannice et al. (51) observed the room temper- 
3+ 2+
ature reduction of Fe to Fe for a RuFe/SiO^ catalyst. This room 
temperature reduction was also observed for other noble metal-iron 
combinations (49, 52), and does not occur without the presence of the 
noble metal. With an increase in iron content in the RuFe/SiO^ catalyst 
(from 33 to 66 atom % Fe), Vannice et al. (51) observed a shift in 
product distribution away from methane for the hydrogenation of CO. 
Simultaneously a decrease in specific activity was noted. However, more 
importantly, a pronounced increase in olefin production was found for 
the RuFe/SiO^ catalysts with Ru:Fe ratios between 1:2 and 2:1 as com­
pared to other Ru-only or Fe-only catalysts (reaction conditions:
P,p = 1 atm, T = 275°C, H^/CO = 3). For example, a 64.8 atom % RuFe/SiO^
(5 wt.% Ru, 0.1 wt.% Fe) catalyst produced 45% of the total hydrocarbons 
as C^-C^ olefins. This is again demonstrative of the selectivity 
changes available with bimetallic (or multimetallic) catalysts.
Ott et al. (53) characterized an unsupported RuFe catalyst using 
XPS and secondary ion mass spectroscopy (SIMS). Although the XPS data
was inconclusive as to a bimetallic species formation, SIMS showed the 
+
present of RuFe , indicative of bimetallic cluster formation. The XPS 
data revealed essentially complete reduction of the ruthenium and only 
partial reduction of iron. A significant surface impurity was discov­
ered by XPS analysis. The impurity was Cl (samples were prepared from
RuClg’JQ^O and FefNOg)^) which by SIMS analysis was determined to be 
attached to Fe; chlorine retention was found to be enhanced by the 
presence of Fe. The Cl, although not easily removed by reduction in H^) 
is easily removed under CO hydrogenation conditions, presumably as a 
chlorinated hydrocarbon.
XPS analysis of unsupported RuFe catalysts by Ott et al. (54) 
revealed, as expected, a surface enrichment in Fe. SIMS analyses are in 
agreement with the XPS results, but may also suggest an even higher 
surface enrichment than would be expected from the XPS data. CO hydro­
genation data also imply a surface enrichment in Fe. The product selec­
tivity changes dramatically towards that of pure iron, even while the 
iron content is less than 30 atom %. However, in agreement with what 
has been seen by others upon "alloying," the selectivity for olefin 
production increased to greater than that realized by either metal 
alone.
An interesting result of the kinetic studies by Ott et al. involved 
a catalyst containing only 3 wt.% Fe. This catalyst was observed to 
have an unusually high (as compared to all of the other RuFe, Ru, and Fe 
catalysts) C^ yield with a selectivity of almost exclusively ethene.
The explanation proposed was that the work function decreases upon 
addition of iron, which increases donation of electrons to adsorbed CO, 
thus leading to a slightly increased average residence time (not allow­
ing longer than C^ chain growth) and a suppression of adsorption; 
consequently the increase in selectivity to olefin production.
A study on the activity losses for unsupported Fe, Ru, and RuFe 
catalysts was conducted by Ott et al. (55). The decreases in activity 
due to C build-up and particle sintering were compared for the various
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Ru, Fe combinations. For both pure Ru and Ru with 3 wt.% Fe, the only 
loss in activity observed was due to particle sintering since no carbon 
build-up was measurable by XPS. The lack of C build-up is not unex­
pected due to ruthenium's relatively high capacity for adsorption.
When higher ratios of Fe to Ru were used (25 and 67 wt.% Fe) a large 
accumulation of surface C was observed by both XPS and SIMS, which 
accounted for at least half of the activity loss for these catalysts.
The rate of surface carbon formation was found to be extremely tempera­
ture dependent. Less carbon was deposited after 5 hr. at 548K than in 
1 hr. at 573K. However, the surface carbon thickness was observed to 
approach a limit at a thickness of ~40&, and could be removed by heating 
in at ~400°C. Temperatures as high as 300°C were insufficient to 
remove the carbon overlayer, demonstrating its low reactivity.
The surface carbon build-up on the 25 and 67 wt.% Fe in Ru cata­
lysts also gave rise to another effect concurrent with the decrease in 
activity. The selectivity for lower molecular weight hydrocarbons, 
especially methane, was enhanced with increasing carbon coverage. This 
is reasonable if one assumes an ensemble of active metal sites is neces­
sary for chain growth, and upon coverage with carbon the number and size 
of these ensembles would decrease leading to a decrease in the average 
chain length produced.
For the Fe only catalyst, the surface carbon formation was delayed 
compared to the RuFe catalysts. This is due to an initial formation of 
a bulk iron carbide. A similar effect has been seen by Agrawal et al.
(56) for Fe and Co, however it was not observed for either Ru or Ni (all 
supported on Al^O^). During the carbide formation period, the activity 
of the catalyst increases to a maximum which is accompanied by no
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significant change in product distribution (by carbon number), although 
an increase in olefin production was observed which continued upon 
surface carbon formation. As has been seen for the other catalysts upon 
surface carbon coverage, the product distribution shifted towards CH^
(55). For comparison, a SiO^ catalyst was prepared containing the same 
atomic ratio of Ru to Fe as the 25 wt.% Fe in Ru catalyst. Surface 
carbon build-up was significantly slower (57).
A combination of characterization techniques were used by Elliott
and Lunsford (58) to characterize Ru, RuNi, RuCu and Ni clusters in a
Y-type zeolite. Upon addition of either Ni or Cu to Ru, a decrease in
dispersion was observed. The increase in particle size indicated that
all of the bimetallic clusters were residing on the external surface of
the zeolite structure; compared to Ru alone where the clusters were
within the zeolite cavities. A comparison of activities for two Ru-Y
catalysts was made, where the only difference was in the initial zeolite
+ ++
cation. The two cations used were Na and Ca , with the catalyst 
prepared from CaY exhibiting a 60% greater turnover number. The lower 
activity for the catalyst prepared from NaY was attributed to the Na ion 
influence which had been seen by others. Also an increase from 0.5 to 
2.0 wt.% Ru gave an increase in activity by a factor of 10, which could 
also be due to a decrease in the Ru:Na ratio (more Ru and consequently 
less Na).
Elliott and Lunsford also observed an increase in higher molecular 
weight products upon addition of Cu to Ru. This effect has also been 
seen for the addition of Fe to Ru (51). The results obtained by Elliott 
and Lunsford for the RuNi-Y catalysts were of even greater interest, 
since unlike Cu, both Ru and Ni are active CO hydrogenation catalysts.
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They observed, upon addition of Ni to Ru, a decline in specific activity 
with increasing amounts of Ni, even to the extent that at 2 wt.% Ni 
(0.5 wt.% Ru), the specific activity was less than that for a 2 wt.% Ni 
only on zeolite catalyst (on going from 0-2 wt.% Ni the decline in 
specific activity was only by a factor of 3). Although not as dramatic 
as for the RuCu-Y catalysts, the addition of Ni caused a decrease in the 
selectivity for CH^ production, accompanied by a significant increase in 
olefin production.
What appears to be the most significant result obtained by Elliott 
and Lunsford was the effect which "alloying" had on catalyst stability.
They observed an essentially constant activity loss (approximately a 70% 
loss in activity over a 24 hr. period) for Ru-Y and all of the RuNi 
catalysts except the RuNi catalysts which contained 2 wt.% Ni (the 
largest amount of Ni studied). This catalyst exhibited about a 20% 
decrease in activity. The explanation proposed for the enhanced stabil­
ity (of the 0.5 wt.% Ru, 2 wt.% Ni-Y catalyst) was an inhibition of 
self-poisoning by surface carbon build-up. They speculated that the 
rate of CO dissociation (as proposed by many as an initial step in the 
CO hydrogenation mechanism) is decreased upon bimetallic formation with 
dissociation being essentially uneffected. Thus with the relative 
increase in available dissociated H^, as compared to dissociated CO, 
there would be a decrease in self-poisoning due to surface carbon build­
up from excess CO dissociation. This explanation is also consistent 
with the observed decrease in specific activity upon addition of Ni, 
since Ni decreases the rate of dissociated CO formation, a consequent 
decrease in activity would also be expected. A decrease in self-
poisoning was also observed upon addition of (5-10%) Cu to a Ni catalyst 
(3).
A new method for the preparation of highly dispersed bimetallic 
(and monometallic) zeolite supported catalysts was reported by Scherzer 
and Fort (59). The procedure is to ion-exchange one metal into the 
zeolite and then react the product, within the zeolite, with a water 
soluble metal cyanide complex to form an insoluble compound. Examples, 
given are: Fe, FeCo, CoFe (reversal of ion-exchange and cyanide complex
metals), FeCu and CoCu (all on a Y-type zeolite). After reduction in ^  
at 400°C no XRD peaks were observed for the metal crystallites; indica­
tive of a particle size less than ~50& (XRD limit). Although no data 
was presented, it was stated that all of the systems were active 
Fischer-Tropsch catalysts.
Catalyst Poisoning
A major concern in the development of any catalyst system is its 
expected lifetime. And since a significant source 6f catalyst activity 
loss is due to poisoning, be it self-poisoning or an impurity in the 
feedstock, the development of poisoning resistant catalysts is impor­
tant .
In order to try and develop catalysts more resistant to poisoning, 
one must consider the two aspects of poisoning. These are: the nature
of the catalytic surface - poison interactions, and how these interac­
tions influence the catalyst's ability to promote reactions of interest. 
One must also realize that another method of catalyst deactivation may 
occur, which is attributed to "diffusion poisoning" (e.g., pore-mouth 
poisoning). However, this aspect of catalyst poisoning will not be
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covered here and for information on the subject the reader is referred 
to the 1981 review by Hegedus and McCabe (60) and references therein.
In the search for better CO hydrogenation catalysts, two major 
sources of poisoning need to be considered; self-poisoning such as that 
due to surface carbon or "coke" formation (some examples have already 
been covered, especially in the section on bimetallic catalysts and 
these will not be re-examined here) and reactant impurities such as H^S 
(6). Ideally the reactants for CO hydrogenation are only CO and 
although as pointed out by Loran and O'Hara (61) a small amount of H^S 
will be present in the feedstock. Since the CO and will come direct­
ly from coal gasification, there will be produced simultaneously 
from sulfur compounds present in the coal (61, 62). Although CO hydro­
genation facilities planned and in use have some form of H^S scrubber 
prior to the reactor, these are not 100% efficient. Therefore catalysts 
with a tolerance for ^S, without a major sacrifice in activity for CO 
hydrogenation, are being sought.
Poisons such as H^S exhibit three major poisoning effects. One of 
these is a simple active site coverage or blockage, wherein the poison 
reduces the number of available reaction sites, thereby reducing the 
catalyst's activity. Actually this effect is not quite so "simple" 
since it has been shown that on a Ni(lll) surface with low S coverage 
(0 < 0.1) one S atom may block up to nine potential CO adsorption sites 
(63). Second is the ability for S to cause surface reconstruction which 
can cause unpredictable results (64). However, of possible greater 
importance is the effect of small amounts of poisons, such as H^S, which 
can also influence the electronic environment around the adsorbed
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sulfur. This may alter the activity and/or selectivity to a greater 
extent than that expected by a simple site blockage model (60).
One of the more interesting aspects of poisoning, is "beneficial 
poisoning" (65). Beneficial poisoning is the partial poisoning of a 
catalyst to:
1) Lower the initial activity to produce a catalyst with a more 
constant activity.
2) Allow a reaction to stop at an intermediate product.
3) Obtain a higher conversion (however the examples of this are 
very limited).
4) Change selectivities, which can be explained by one or more of 
the following:
a) The elimination of hot spots so that the reaction is 
controlled by kinetics rather than by diffusion rates.
b) The existance on catalyst surfaces of different active 
sites which may catalyze different reactions in different 
ways, whereby selective adsorption of S onto certain 
active sites may cause elimination or reduction of unfa­
vorable (or favorable) reactions (60).
c) And the interaction of S with active sites to modify them 
or to produce new types of active sites, leading to the 
possible enhancement of one or more desirable reactions 
(62).
This last method for selectivity enhancement is supported by work which 
demonstrates the ability of S to cause surface reconstruction on transi­
tion metals (66).
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However most of the more active CO hydrogenation metals are easily 
poisoned detrimentally by sulfur (7). Although if one is interested in 
decreasing the selectivity towards CH^ (possible), it may be worth the 
usually accompanied loss in activity. An exception to this was a sul- 
fided Mo/A^Og catalyst which was shown to have an increased selectivity 
towards methane as compared to unsulfided Mo catalysts. Although if the 
degree of sulfiding which occurred was too high the catalyst activity 
decreased rapidly.
As early as 1929 it was realized that small amounts of sulfur (less 
than that which would cause total deactivation) added to a "Fe + Co" 
catalyst could enhance the desired products. In this case (62) sulfur 
(0.15 to 0.4 wt.%) was added during catalyst preparation or in the feed 
gas. The effect was to enhance the olefin content by ~30%. Similar 
effects were also observed for a supported Co catalyst (57 mg of organic 
S was added per cubic meter of feed gas) and other catalysts. Effects 
included both increases in olefin content and/or increases in the aver­
age molecular weight of the products.
Ponec (24) in 1978 proposed an explanation for sulfur's ability to 
increase the average product molecular weight on active CO hydrogenation 
metals. Assuming a dissociative mechanism for CO hydrogenation initia­
tion and undissociated CO insertion and hydrogenation for chain propaga­
tion, Ponec suggested that since S is known to prefer adsorption in a 
valley (multi-atom adsorption) and these sites are also most active for 
CO dissociation; CO dissociation is diminished and thus initiation is 
decreased, the amount of undissociated adsorbed CO increases and there­
fore is available for insertion, hence chain growth is enhanced. This 
same proposal may account for the observation by Agrawal et al. (67)
that upon poisoning by S Ru/Al^Og did not exhibit any self-poisoning by 
C (due to the decrease in CO dissociation), which had been previously 
seen for the un-sulfided catalyst.
Rewick and Wise (68) used IR to monitor the relative amounts of 
linear and bridging (or multisite) CO adsorbed on Ni/A^O^. By pre­
adsorbing (in various amounts) on the catalyst they observed a 
decrease in the amount of bridging CO species adsorbed, and concurrently 
the Ni-CO bond was weakened (determined by room temperature CO desorp­
tion) as compared to the unsulfided catalyst. They also exposed a CO 
saturated sample to H^S. The bridging CO species were preferentially 
displaced, with some re-adsorbing in the linear form. This again demon­
strates sulfur's preference to multisite positions.
The adsorption of CO on Fe with and without S was monitored by UV 
photoemission and IR spectroscopies (24). The C-0 bond was weakened 
upon adsorption, however when S was present the C-0 bond strengthened, 
causing the CO to become less reactive (60). Similar results were 
obtained for Ni, which suggests that an electronic effect along with a 
site blockage effect contributes to changes in activity. Erley and 
Wagner (63) also observed a decrease in metal-CO binding energy for Ni. 
However the decrease was only seen at high S coverages indicating that 
an adsorbed S must exist near an adsorbed CO, for the electronic effect 
to be significant.
A similar effect for S (on Pd) itself was observed by Matsumoto 
et al. (69) using XPS. They observed that upon increasing S coverage, 
less charge is transferred from the metal to the S atom, such that at 
low coverages electron density of surface sulfur resembles the sulfur in 
PdS, whereas at high coverage the sulfur looks more like solid sulfur.
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The poisoning of a Pt catalyst was investigated by Fischer and 
Kelemen (70) for the reaction: 2C0 + 2N0 ^ ZCO^ + N^. They found that
the Pt(100) surface became saturated with sulfur at 0 = 0.5 ( 0 = 1  was 
defined as when the adsorbate monolayer contains the same number of 
atoms as the Pt substrate). However, no reaction was observed to occur 
at 6 = 0.25. Rather than attribute this to an electronic effect (which 
however was not ruled out), they suggested a cage effect; the surface S 
atoms form cages in which, if there are enough active sites, the reac~ 
tion may occur. To support this they did a Monte Carlo simulation which 
fit the experimental data excellently. This "cage" effect has been 
proposed by others for the decrease in activity upon "alloying," al­
though it was referred to as an ensemble effect (24, 46, 56).
Anderson et al. (71) found that for an unsupported Fe catalyst 
exposed to S (as H^S), a decrease in particle size decreased the rate of 
activity loss for CO hydrogenation. This was due to an increase in 
external surface area available for poison adsorption. However only a 
small change in product distribution was observed. The change seen was 
as a decrease in the gasoline fraction (~C,.-Cjq) and an increase in wax 
(B.P. > 464°C) production.
Dalla Betta et al. (39) observed for Ru/A^O^ catalysts a decrease 
in overall activity upon addition of 10 ppm H^S to the CO/^ reactant 
stream. Simultaneously, the selectivity to CH^ production decreased 
from a steady state (before ^S) value of ~90% to ~50-70% during and 
after H£S addition. Similar results were obtained for several Ni cata­
lysts, where the selectivity for CH^ before and after was ~100% and 
40-70% respectively.
They also compared steady state activities obtained when the CO/^ 
feed was contaminated with 1, 5, and 10 ppm H^S- They observed a large 
decrease in activity for all three levels of l^S contamination, however 
the additional decline in activity for the 5 and 10 ppm H^S when com­
pared to the 1 ppm was quite small. Whereas the 1 ppm I^S induced a 
decrease in activity by a factor of 36 from the pre-poisoned case, the 
increase to 10 ppm only caused another factor of ~2 decrease in activi­
ty. This effect is attributed to the formation of a bulk sulfide, which 
is dependent on the I^S/^ ratio, rather than the absolute amount of H^S 
present.
A temperature effect on the stability, or conversely on the ease of 
removal, of the metal sulfides produced was noted. The sulfides were 
not easily removed at 250°C, as evidenced by the lack of recovery upon 
the discontinuation of in the reactant stream. However a rapid 
recovery was observed for operations at 400°C, which together demon­
strate the metal sulfides decreasing stability with increasing tempera­
ture. In a later study by Oliphant et al. (72) the partial pressure of 
H2S (in H2 above a poisoned Ni catalyst) was found to increase with 
increasing temperature, which is due to the decomposition of the metal 
sulfide, indicative of the sulfide's decreased stability at higher 
temperatures. Oliphant et al. determined the heat of adsorption for H2S 
on Ni to be 10-20 kcal/mole more exothermic than the heat of formation 
of Ni^S2 (coverage and temperature dependent). This is consistent with 
published values of 10-50 kcal/mole. Fitzharris et al. (73) estimated 
the free energy of formation for a two dimensional surface nickel sul­
fide to be -26 kcal/mole (at 661K), whereas the value for bulk is
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about -11 kcal/mole (at 661K). Upon examining the adsorption, desorp­
tion and re-adsorption of H^S on Ni, results obtained indicated a sur­
face reconstruction (from a Ni:S ratio of ~1.5 to ~1) was occurring.
Surface reconstruction caused by adatoms has been observed by others (72 
and references therein), although it was not seen on Ni(lll) by Erley 
and Wagner (63). It was also observed that I^S adsorbed most strongly 
on highly reduced, small supported Ni crystallites. Although Oliphant 
et al. view the data with some reserve, they found Ru to have much less 
capacity for l^S adsorption. However this may account for ruthenium's 
severe vulnerability to poisoning.
Schwarz and Kelemen (74) studied the adsorption of CO on clean and 
pre-sulfided ruthenium. They observed two distinct situations control­
ling the adsorption of CO on S covered Ru. At low S coverages the sizes 
of CO and S dominate the effects which determine the amount of CO ad­
sorption. The maximum amount of adsorbates (CO + S) on the surface 
equals 69% of the total surface area, with S contributing 20% more per 
atom than each CO molecule. However at higher S coverage the maximum 
amount of adsorbates on the surface is decreased to 50% of the total 
surface area. This is due to the maximum amount of S which can adsorb 
on the surface as determined by symmetry requirements.
Schwarz and Kelemen also studied the sticking coefficient for CO as
a function of surface coverage. They found that until a critical 
14 2amount, 5.25 x 10 species/cm , is reached the sticking coefficient for 
CO on Ru is the same for S and/or CO covered Ru as it is for clean Ru.
At concentrations above that critical value the sticking coefficient 
drops drastically, due to the need to displace already adsorbed species
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and rearrange them into a more closely packed, symmetry maximum config­
uration to allow adsorption of any additional CO.
The Ru-CO binding energy was determined as a function of CO cover­
age and initial S coverage. In all of the cases studied, the binding
energy was constant (at ~29 kcal/mole) until a total adsorbate coverage
14 2reached ~5.26 x 10 adsorbates/cm (except for the high, symmetry
14limited, S covered Ru which began with a S concentration of ~5.25 x 10 
2
adsorbates/cm ). Above this concentration the Ru-CO binding energy 
dropped rapidly. This decrease is attributed to adsorbate-adsorbate 
interactions, with increasing numbers of S-CO interactions causing a 
greater decrease in the Ru-CO binding energy than CO-CO interactions.
This decrease in binding energy of CO should be accompanied by an in­
crease in C-0 bond strength, thus decreasing CO dissociation. A de­
crease in CO dissociation has been observed by Kishi and Roberts (45) 
upon adsorption of H^S on Fe. The observations were made on Fe in the 
temperature range 85-350K using XPS and UPS. If the mechanism for CO 
hydrogenation proposed by Ponec (24) (covered earlier) is considered, 
then the binding energy changes would support his proposal. Both S 
poisoning and higher pressures have been shown to enhance the production 
of higher molecular weight hydrocarbons, since S coverage weakens the 
M-CO bond and high CO pressures cause higher CO coverages, therefore 
producing more CO-CO interactions, thus lowering the amount of CO disso- , 
ciation. And according to Ponec1s proposed mechanism, an increase in 
available undissociated CO increases the formation of longer chain 
hydrocarbons.
A decrease in metal-CO bond strength upon poisoning, and an accom­
panying decrease in dissociatively adsorbing CO (68 and others) may
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explain the findings of Karn et al. (75). They observed (for an iron 
catalyst) a decrease in C deposition with S poisoning. Thus a decrease 
in the rate of surface carbon deposition may allow the hydrogenation of 
the surface carbon and not allow a C build-up. This could also serve as 
an explanation for their earlier observation of an increase in CH^ 
production compared to higher molecular weight hydrocarbons, although 
this is not consistent with the mechanistic theory preposed by Ponec 
(24). Although as mentioned before, there are other literature examples 
which show a selectivity shift towards CH^ upon sulfiding (7).
Wentrcek et al. (76) also observed decreases in metal-CO binding 
energies at high surface coverages of H^S for Ni/Al^O^ an(* Nilr/A^O^ 
catalysts. Temperature programmed surface reaction (TPSR) studies were 
used to characterize the above catalysts. By preadsorbing either CO or 
C (by using a higher temperature the adsorbed C was obtained) on the 
Ni/A^O^ (25 wt.% Ni) catalyst, they observed two species of adsorbed C 
(designated and C^). The reactivity observed followed the trend:
C > CO > CQ. However, for the Nilr/Al_0~ (25 wt.% Ni, 1.0 wt.% Ir) nou p  2 3
Cp species was observed and both C^ and the adsorbed CO were found to be
more easily hydrogenated than for the Ni-only/A^O^ catalyst.
When the two catalysts were exposed to "saturation" levels (defined 
as the point when pulses of H^S breakthrough the catalyst) of H^S, no 
adsorption of CO occurred on Ni/A^O^ and only a highly unreactive C 
species appeared on Nilr/Al^O^. By monitoring the activity loss on both 
catalysts Wentrcek et al. determined that each S adatom eliminates two 
active sites assuming that the reaction rate is directly proportional to 
the number of available active sites. They concluded by noting that 
although a site blockage was occurring, another effect was present which
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caused the formation of the highly unreactive carbon species. They do 
point out that similar results had been observed by others using Auger 
spectroscopy where the conversion of a reactive carbidic C to an unreac­
tive graphitic C was seen upon addition of to the surface.
Agrawal (77) and Agrawal et al. (56) compared the relative deac­
tivations of Ni, Co, Fe, and Ru (on Al^O^) caused by sulfur poisoning 
and surface carbon deactivation. They found that Ni and Ru responded 
similarly to C deactivation, with Co and Fe exhibiting a different 
response. Nickel and ruthenium showed a slow but steady deactivation 
due to surface carbon accumulation (although AES found no C on Ru, this
was attributed to its easy removal during reactor shut-down in flowing
1^), whereas Co and Fe exhibited an initial period with little change in 
activity (Ott et al. (55) observed Fe to have an initial increase in 
activity) followed by a rapid decrease in activity. This was attributed 
to an initial formation of bulk carbide followed by a rapid surface 
carbon build-up. The bulk carbide theory was supported by depth pro­
filed Auger analysis, which showed C deep within the Fe and Co samples;
this was not observed for either Ru or Ni. Also the kinetic parameters 
suggest only a site blockage model for Ru and Ni since there was no 
change in the activation energies, however in the case of both Co and Fe 
there was a decrease in activation energy and a change in the order of 
reaction with respect to CO partial pressure for Co. Initially the 
order was negative but after the activity decreased to a "pseudo-steady 
state" (defined by Agrawal et al. as steady but slow decrease in activi­
ty of <10% over 5 or 6 hours) the order became positive.
Agrawal et al., in contrast to other studies, did not observe a 
shift in selectivity to higher molecular weight hydrocarbons with C
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build-up. However, although discounted by Agrawal et al., the H^/CO 
ratios used were between 24 and ~1000, as compared to more frequently 
used ratios of between 1 and 4.
The same type of studies were then conducted in the presence of 
H^S. Upon addition of only 13 ppb of H^S to the reactant stream,
Agrawal et al. observed a decrease in activity to less than 1% of the 
unpoisoned activity for a Ni/Al^O^ catalyst. Similar results were seen 
for Co and Ru. In agreement with Dalla Betta et al. (39) an equilibrium 
was found to exist between the metal sulfide and gas phase H2S, wherein 
the amount of metal sulfide produced is proportional to the 
ratio.
One sulfur atom was found to poison two metal atom sites. For Co
2
and Ni a plot of relative methanation activity versus (1 - 0g) , 0g = 
fraction of surface covered by S, produced a linear correlation. This 
indicates that the rate-controlling step requires two surface sites (due 
to the squared dependence on surface coverage), which again is suppor­
tive of the ensemble effect proposed by others (24, 46, 70). Although 
in agreement with an ensemble effect, Rostrup-Nielsen and Pedersen (78) 
found a 4 ^  order dependence on sulfur coverage, suggesting the need for 
four active sites in the rate controlling step. This was found upon 
examining the relative deactivations of the methanation and Boudouard 
(2C0 ^ C + CO^) reactions. They observed both to be inhibited equally 
by S poisoning; indicative of similar intermediates.
Erekson (79) also found a ratio of 2:1 for the number of active 
sites on Ni poisoned by 1 sulfur atom.
For H2S poisoning on Ni, Ru, and Co a similar effect as that seen 
with C deposition was reported (Fe was not reported) (56). As
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previously observed for the poisoning of Co by C deposition, I^S also 
gave rise to the same decrease in activation energy, while the activa­
tion energy remained constant for Ru and Ni. Agrawal et al. proposed 
that since both C and S have the same electronegativities that this is
the explanation for the equal decreases in activation energy on Co. In
conclusion Agrawal et al. decided that the major influence was a site
blockage effect and any electronic effects were secondary.
Bartholomew and Fowler (80) found that addition of Mo to various Ni 
catalysts would enhance some of the catalysts' sulfur resistance.
Molybdenum was added since it seeras to be sulfur resistant in its use as 
a hydrodesulphurization catalyst, however Mo alone has very little 
methanation ability. Exactly why the Mo-Ni combination works is not 
known, although one explanation for the behavior was given by 
Bartholomew and Fowler; the Mo acts as a sulfur getter leaving the
active Ni sites available for methanation.
The l^S poisoning of several nickel catalyst systems was investi­
gated by Erekson (79). He found, in agreement with Agrawal et al. (56), 
that upon partial poisoning of Ni that deactivation was occurring pri­
marily via active site blockage since no appreciable change occurred in 
the kinetic parameters. Studies at several temperatures indicated an 
increase in the rate of poisoning at higher temperatures.
One especially interesting set of results obtained by Erekson was 
the variation in rate of sulfur deposition with concentration of HgS on
the feed gas. A rate equation,
R = k.ns (2-1)d
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was used where is the rate constant for S deposition, s is the number 
of active catalyst sites, and n is the concentration of I^S. He found 
an increase in with decreasing concentration of ^S. From this data 
he calculated a range of values for the number of S atoms required to 
poison one active Ni site. The values obtained went from ~6 to 1, with 
1 being for the lowest concentration of H^S studied (0.2 ppm ^ S ) . This 
was conjectured to be due to multilayer sulfide formation at higher H^S 
concentrations. Ereckson also noted a decrease in the efficiency of H£S 
poisoning with increasing CO concentration in the reactant stream.
In his review "Sulfur Adsorption and Poisoning of Metallic Cata­
lysts," Oudar (81) concludes that "... the adsorption of sulfur on most 
metals is characterized by a very high energy of interaction and by 
important modifications of the electronic and structural properties of 
the surface." The presence of S can modify the electronic property of 
the metal, such as to weaken the electron density which may modify 
active sites adjacent to the adsorbed S, to cause either favorable or 
unfavorable results. This of course is in addition to the more direct 
problem caused by the direct blockage of active sites.
In the case of bimetallic catalysts another problem can occur with 
S poisoning. This is a change in surface composition. This can arise 
if one metal forms stronger bonds with sulfur than the other metal. If 
this occurs the metal with the stronger bonding will tend to migrate to 
the surface (66). And as mentioned in the previous section on bimetal­
lic catalysts; the surface composition greatly influences the activity 
and selectivity of the catalyst. An example of this effect was the 
adsorption of sulfur on iron-chromium alloys, which has been shown to 
lead to the selective surface enrichment in chromium (81).
X-ray Photoelectron Spectroscopy
Development
X-ray photoelectron spectroscopy (XPS) had its beginnings in the 
early 1950's (although Einstein (82) in 1905 had provided the theoreti­
cal basis for the photoelectric effect which had been observed almost 20 
years earlier by Herz (83)). Early work was performed by Siegbahn and 
co-workers who decided to design and construct a "p-ray" spectrometer 
using an x-ray tube to expel photoelectrons in order to measure accu­
rately electron binding energies to within one part in t_n thousand 
(84). During the late 1950's Siegbahn and co-workers reported evidence 
for chemical shifts. However a decision was made to investigate first 
elemental binding energies, e.g. metals when possible. The use of XPS 
allowed electron binding energies to be measured more accurately than 
had been previously possible with other methods, such as x-ray adsorp­
tion spectroscopy.
After spending several years obtaining elemental electron binding 
energies, the Siegbahn group returned to the measurement of chemical 
shifts. Probably one of the classic examples of a chemical shift is 
that indicated by the different binding energies of ethyl triflouro- 
acetate as reported by Siegbahn and co-workers and shown in Figure 1 (84 
and references therein). As a consequence of the easy demonstration of 
shifts in binding energy produced by different environments for a par­
ticular atom Siegbahn and co-workers coined the acronym ESCA (electron 
spectroscopy for chemical analysis) for the technique. In the late 
1960's the development of stable ultrahigh vacuum techniques and micro­
electronics permitted general spectrometer development and several
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Figure 1. Two C^g XPS spectra of ethyl triflouroacetate (84) demon­
strating different binding energies for the four chemically 
unique carbon atoms (from left to right; the 4 peaks repre­
sent the 4 C's in the structure as drawn). Bottom and top 
spectra are with and without X-ray monochromatization respec­
tively.
commercial XPS (plus other electron spectroscopic) instruments were 
produced. As a result of electron spectroscopies’ recent advent, there 
have been numerous names given for the technique of x-ray induced photo­
electron emission spectroscopy; two of which have already been men­
tioned, XPS and ESCA. Two of the others are IEE (induced electron 
emission) and PESIS (photoelectron spectroscopy of the inner shell), 
although ESCA and IEE are not necessarily restricted to electron emis­
sion due to x-ray excitation (85). Therefore since ESCA is used by some 
to be equivalent to XPS and by others to include electron spectroscopy 
in general, XPS will be the abreviation employed in the present discus­
sion.
Theory
The basis of XPS involves the exposure of a specimen to a singular
source of x-rays with nearly monoenergetic energy hv, and the subsequent
observation of the emission of photoelectrons. In order to observe the
photoelectrons which have been emitted without kinetic energy loss due
to inelastic collisions occurring in the gas phase, an ultrahigh vacuum
-8(UHV) is necessary (normally the pressures used are ilO Torr). Anoth­
er need for an UHV is to minimize the contamination of the sample sur­
face with the residual gases present in the vacuum system. A block 
diagram of the critical components of an x-ray photoelectron spectrom­
eter (specifically the PHI model 548 ESCA/Auger spectrometer) is shown 
in Figure 2. The kinetic energy of the ejected electrons is given by:
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Figure 2. Block diagram of PHI model 548 ESCA/Auger spectrometer
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Figure 3. Pertinent energy level diagram for the 
XPS spectra of a conducting specimen.
where E ^  is the electron's measured kinetic energy and Eg is the 
energy holding or "binding" the particular electron to the molecular 
unit being examined. However, this relationship is only exactly true 
for gaseous samples. In the case of solid samples one must modify Eq. 2 
to include the contact potential between the sample and the spectrom­
eter, which is just the difference in their work functions. Thus the 
binding energy for solid samples is given by:
where Eg is the binding energy referenced to the spectrometer vacuum
sample respectively and hv and Ej^ are as previously stated. Since the 
sample work function (*l*samp]_e) not usually known and difficult to 
determine in this type of experiment, it has become standard practice to 
reference the binding energy to the spectrometer Fermi level, which for 
conductive samples becomes equal to the sample Fermi level (the case of 
non-conductive samples will be covered later). Therefore the binding 
energy is given by:
designated by the superscript F (85-87).
There is one other effect which must be considered, i.e. the 
Compton effect, the inelastic scattering of photons by electrons, which 
causes a decrease in the photon energy. However, Carlson (85) points 
out that for hv <~5 keV (Mg and Al are both commonly used x-ray anodes 
in XPS and produce x-rays with energies of <5 keV) the cross section
(2-3)
V
level, <{>  ^ and <b , are the work functions of the spectrometer and
1 Tspect sample r
E* = hv - E. . - <|>B kin Tspect (2-4)
where Eg is the binding energy referenced to the common Fermi level, as
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for this process is insignificant as compared to the photoelectric cross 
section and can usually be neglected.
A diagrammatic representation of the pertinent energy levels of an 
XPS experiment are shown in Figure 3, with the sample and spectrometer 
energy levels being on the left and right sides respectively. The area 
between the two dotted vertical lines is the sample-spectrometer inter­
face. All of the terms have been defined previously except which
is the initial kinetic energy of the electron at the sample surface, 
which becomes upon leaving the specimen (and entering the "spec­
trometer") due to the differences in work functions given by:
E, . = E,' . + ($ , - 4> . ) (2-5)kin kin sample Tspect
*
The core level of interest (2p, 3s, 3d, etc.), as shown in Fig­
ure 3, may split due to the coupling of the spin (s) and orbital (£) 
angular momentums of the emitted photoelectron (finite for all £ > 0) 
although in many cases the magnitude of the splitting may not be re­
solvable in the XPS experiment. These irresolvable splittings often 
occur for the lighter elements since as the atomic number increases the 
magnitude of the spin-orbit coupling increases. Also for any applicable 
atom, inner orbital electrons exhibit a larger spin-orbit splitting than 
outer orbital electrons. The p, d, and f levels are split into the
Pl/2’ p3/2’ d3/2’ d5/2’ f5/2’ and f7/2 levels by spin-orbit coupling.
The relative ionization probabilities for each of the split levels are 
not equal, quantum considerations lead to relative intensity ratios of 
1:2, 2:3, and 3:A for the p, d, and f levels respectively (88). Thus 
for most elements in most systems both the magnitude of the spin-orbit 
splitting and the relative peak intensities are fixed and therefore the
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ratios of these splittings can be an important aid in the qualitative 
identification of the elements present in a specimen.
In addition to the principle XPS peaks, a number of other features 
are observable in an XPS spectrum. Two of the more prominent features 
are peak tailing and satellite peaks (commonly referred to as just 
satellites). Satellites are due to the non-monoenergetic nature of the 
x-rays produced by high energy electron bombardment of an x-ray anode 
target (the details of x-ray production will not be covered here), which 
generally produces several discrete photon energies. The primary pho­
tons are the and which are very close in energy and are essen­
tially considered as one. The other photons produced (Kag_g anc* are 
higher in energy but with a substantial decrease in intensity; the next
most intense are the K _ and K . which represent <10% of the K , „
0(3 a4 r 0(1,2
photon intensity. Obviously monoenergetic photons are desirable (and 
obtainable with an x-ray monochromator), however the knowledge of the 
relative energies and intensities of the satellites is necessary in 
order to disregard the extra photoelectrons produced by these x-ray 
satellites.
Peak tailing is the result of inelastic scattering of the photo­
electrons following ejection from the atom. The degree of inelastic 
scattering and consequent energy loss is dependent upon the depth from 
which the electron must escape, the material from which it is escaping, 
and the kinetic energy of the electron. The depth from which an elec­
tron can escape without energy loss caused by inelastic collisions is 
called the escape depth and can vary from ~10o8 (lR = 10 m) to 
10-208. The number of no-energy loss electrons detected is assumed to 
decrease exponentially with depth (86). Thus any electrons which
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undergo inelastic collisions contribute to "tailing" and in general to 
the background signal. This limitation on the sampling depth is respon- 
sible for XPS being considered a surface rather than a bulk sampling 
technique even though the x-rays used will penetrate to a much greater 
extent than the maximum depth from which an electron could escape wthout 
incurring an inelastic collision. In addition to the peak tailing 
caused by the inelastic scattering of the emitted photon (extrinsic 
energy loss) there also exists an intrinsic energy loss due to inelastic 
scattering of the hole left by the photoelectron during the latter1s 
ejection. Separation of these intrinsic and extrinsic effects is diffi­
cult and outside the area of our interests. For any further information 
the reader is directed to Reference 89.
Another effect which occurs subsequent to the photoelectron process 
is the production of Auger electrons. This process results from the 
formation of a hole by the photoelectron ejection, the filling of this 
inner orbital vacancy with an outer orbital electron and the emission of 
another electron to carry off the excess energy. The emitted electron 
is known as an Auger electron. The detection of these ejected Auger 
electrons following the bombardment of the sample of interest by a 
focused beam of electrons is commonly referred to as Auger electron 
spectroscopy (AES), a common companion to XPS. Auger electron emis­
sions, however, are detected in the standard XPS experiment and these 
additional "peaks" are often useful adjuncts to the standard photoelec­
tron lines.
The most direct use of the principle (loss-less) photoelectron peak 
is in the qualitative analysis of the surface composition of a sample, 
which may or may not be indicative of the bulk composition. This is
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possible because unique sets of photoelectron and Auger binding energies 
exist for all but the lightest elements (hydrogen is the only element 
not detectable with XPS). Along with the qualitative analysis available 
with XPS, semi-quantitative (and possibly quantitative) information can 
also be obtained from the peak intensities. Relative atomic concentra­
tions are obtainable by the use of sensitivity factors (which include 
the photoelectron cross-section, kinetic energy corrections, and instru­
mental efficiencies) which allow quantitative determinations to within 
~10-20% (88), and for very specific cases down to 1-3% (85).
Probably the most useful, but also perhaps the most difficult, is 
the determination of chemical shifts which was Siegbahn1s original hope 
for ESCA. As was demonstrated in Figure 1, chemically different ar­
rangements of the same element can often be distinguished, even within 
the same molecule. The determination of intra-molecular binding energy 
shifts is easily accomplished since there is a common Fermi level and 
most other problems produce effects which are the same for all constitu­
ents. However, inter-molecular chemical shifts (between binding ener­
gies for an element in two unique compounds) may often be complicated 
due to effects that may "perturb11 the resulting binding energies to 
different degrees. Probably the most common of these problems is that 
of charging, particularly if the sample is not in good electrical equi­
librium with the spectrometer. Charging occurs on the macroscopic scale 
due to the ejection of electrons which cause a positive charge build-up 
in a nonconductive media. This positive charge accumulation will then 
electrostatically slow any exiting electrons causing them to appear at a 
higher binding energy than given in Eqs. 2-4, where perfect conductivity 
(no charging shift) was assumed. The problem of charging is not quite
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as bad as it may initially appear, since the level of positive charge 
build-up reaches a quasi-steady state. Although the task of eliminating 
and/or determining the extent of charging is not easily accomplished, it 
is necessary for the accurate determination of binding energies (abso­
lute or relative) of constituents of nonconductive materials. A number 
of different methods have been investigated. The following approaches 
are the most widely accepted and some version of these should prove 
applicable to most of the solid samples used in this study.
The first of these is the use of a thin film of gold evaporated 
onto the surface of the specimen. The assumption made in this case, as 
well as some of the methods which follow, is that the gold will "see" a 
degree of charging equal to the rest of the sample. Charging is then 
assumed to shift the apparent binding energies of the entire spectrum 
(including the gold) equally. Therefore, knowing the proper binding 
energy for gold, the XPS spectrum can be adjusted to correct the gold 
binding energy and also the other binding energies. A similar and 
widely used technique is to correct the binding energy scale using the 
"adventitious" carbon. In this case the surface carbon, which is pres­
ent on almost all samples that have not undergone rigorous cleaning 
techniques, produces a carbon peak that is incidental to the sample 
composition. As in the case of gold, a standard value for the adventi­
tious Cjs peak is assumed (the value used may vary from laboratory to 
laboratory) and all experimental binding energies are adjusted using 
that value. A third method, usable only in specific cases, is where one 
element in a series of specimens can be considered to be invariant and 
thus its binding energies used as an internal standard. This technique 
is not the same as where a sample is physically mixed with another
material (often graphite) in order to eliminate or determine the extent 
of charging. However the method of physically mixing in a standard has 
been shown to be ineffective except in very specific cases. The fourth 
method is to replenish the specimen surface with an auxiliary source of 
near-zero kinetic energy electrons to eliminate the positive charge 
accumulation. This technique can also be used in combination with any 
of the previously mentioned binding energy correction techniques. This 
combination method has been proposed by Barr (90) to be the only effec­
tive method of charge correction for insulators and semi-conductors 
demonstrating charging shifts >1 eV.
Although any of the above methods may correct for charging, the 
binding energies obtained for such insulators are still not necessarily 
referenced to the Fermi level as in the case of conductors. This is due 
to the inherent ambiguity in the nature of the Fermi level in insulators 
as pointed out by Carlson (85); the referencing level obtained for 
insulators is generally somewhere between the true Fermi level and the 
conduction band. For more information on the charge shift problem and 
other methods for charge correction the reader is directed to References 
91-100.
Correlations of binding energies with numerous other measurable 
(and calculatable) properties have been proposed. These range from 
atomic charge, Mossbauer chemical shifts, electrostatic potential mod­
els, and others. A principle handicap in any correlation of calculated 
with experimental binding energies is that the former are generally 
referenced to the vacuum level, whereas the latter are most commonly 
referenced to the Fermi level. As stated earlier, to convert between 
the two requires the added determination of the sample work function.
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For further information on the usefulness of XPS in inorganic 
chemistry the reader is directed to an excellent paper by Jolly (101).
Catalyst Characterization by XPS
The advent of XPS, as well as other electron spectroscopic tech­
niques, has given the researcher in the field of catalysis a powerful 
and usually non-destructive method for catalyst characterization. XPS 
is extremely well suited for catalyst characterization since the per­
formance of a catalyst is directly linked to its surface properties and 
thus the intrinsic surface nature of XPS makes it extremely useful in 
catalyst characterization.
Evidence for the ability of XPS to differentiate several different 
ruthenium oxides was reported by Kim and Winograd (102). They observed' 
different ruthenium and oxygen binding energies for Ru0n» where n varied 
from 0 to 4. The difference between the maximum and minimum Ru binding 
energies observed was 3.3 eV. This demonstrates XPS's ability to "see" 
the different Ru oxidation states, which ra'nged from 0 to 8.
Kishi and Roberts (45) were able to use XPS (and UPS) to show CO 
dissociation on Fe by monitoring the and 0 ^  peaks. A shift in the 
0^s peak from -532 to ~530 eV was observed upon CO dissociation. Con­
currently the C^s peak shifted from ~285 to ~283 eV. Kishi and Roberts 
also studied the effect of H^S on CO adsorption. This was also done by 
monitoring the C and 0 XPS binding energies; preadsorbed H^S was ob­
served to prevent CO dissociation.
Brinen et al. (103) monitored the oxidation and reduction of Rh (on 
a Rh/charcoal catalyst) with variations in catalyst treatment condi­
tions. An increase in particle size was observed by XRD (x-ray
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diffraction) with increasing reduction temperature. The XPS spectra 
showed a decrease in Rh:C intensity ratios with increasing particle 
size. Thus along with the binding energy changes which are observable 
with changes in oxidation state, changes in dispersion may also be 
observed. However, Delannay et al. (104) points out that XPS intensity 
ratios alone may be insufficient for the determination of metal disper­
sion, especially where the active species is a metal oxide or sulfide 
rather than a metallic species. Specifically, the problem is that as 
the particles become larger (decreasing dispersion) the particles may 
(or it may become necessary for the particles to) migrate out of the 
pore structure to the external surface of the support material. Parti­
cles existing on the external surface of the support material would be 
sampled by XPS much more efficiently and thus the metal:support inten­
sity ratio would be misleadingly high. This would erroneously indicate 
a high degree of metal dispersion. Delannay et al. demonstrated that 
for dispersion analysis XPS and transmission electron microscopy (TEM) 
are extremely complimentary. TEM can be used to verify that the parti­
cles are sufficiently small to stay in the pore structure of the support 
and that the metal is well distributed throughout the catalyst support. 
Having determined that the active metal species is well distributed 
within the support pore structure by TEM, XPS could then be used for 
dispersion analysis. Brinen and Schmitt (105) also point out that 
dispersion analysis by XPS alone is insufficient and that at least a 
good understanding of the physical nature of the support is also needed.
A similar technique was used by Pedersen and Lunsford (106) to 
determine the location of Ru metal crystallites dispersed in/on a Y-type 
zeolite. A determination of Ru:Si atomic ratios showed at least a five
61
fold increase when the Ru crystallites migrated from within the zeolite 
cavities to the external surface. A comparison was made between the 
experimental Ru:Si ratios and a theoretical value calculated assuming a 
homogeneous distribution of ruthenium in the zeolite. The experimental 
values for Ru within the zeolite cavities were found to be less than the 
theoretical value and those for Ru on the external zeolite surface were 
found to be greater. The differences in experimentally determined 
atomic ratios are reasonable and due to changes in the electron escape 
depth (discussed previously) for Ru and Si. Therefore as Ru crystal­
lites migrate from within the cavity to the external surface two effects 
contribute to the large increase in observed Ru:Si ratios. One, Ru 
becomes more efficiently sampled, thus the Ru peak intensity increases 
and two, the Si peak intensity decreases due to the coverage of the 
zeolite surface with Ru, hence a significant increase in Ru:Si atomic 
ratio.
Okamoto et al. (107) used XPS to monitor the surface composition of 
a bimetallic CoMo catalyst upon treatments with various reactive gases. 
Hydrogen and thiophene were found to enrich the surface in Mo, while ^ S  
enhanced the Co content of the surface. Also observed during both thio­
phene and H^S treatments was the formation of molybdenum sulfide(s), 
although no sulfide formation was observed for Co. This was proposed as 
a reason for molybdenum's activity in hydrodesulphurization and cobalt's 
inactivity.
An XPS investigation of unsupported RuCu catalysts was performed by 
Helms and Sinfelt (108). Although Cu and Ru are immiscible in the bulk, 
RuCu aggregates were observed by XPS with a surface enrichment in Cu.
The surface Cu enrichment was investigated by calculating Cu:Ru atomic
ratios using the appropriate sensitivity factors (to correct from peak 
intensities to concentration). The Cu surface enrichment is supported 
by chemisorption and ethane hydrogenolysis activity (Cu is inactive 
for both, whereas Ru is active for both), with the ethane hydrogenolysi 
being much more sensitive to surface Cu. This higher sensitivity is 
presumably due to the hydrogenolysis reaction needing active sites 
consisting of more ruthenium atoms than is necessary for chemisorp­
tion. The extent of Cu surface coverage as a function of catalyst 
reduction temperature was monitored by XPS. An increase in surface 
coverage with increasing temperature was found, probably due to a highe 
Cu mobility at higher temperatures.
Gimzewski et al. (109) used XPS to demonstrate the existance of a 
metal-support interaction. When Ni ^ O ^ ^  was supported (at low load­
ings) on the Ni XPS peaks resembled bulk Ni(OH)2 much more
strongly than bulk NKNO^^- This was suggested to indicate a strong 
interaction between Ni and the surface oxide/hydroxide groups on the
A12°3-
Shalvoy and Reucroft (110) used XPS to characterize a sulfur- 
resistant methanation catalyst (NiCr/MgSiO^)• A comparison of sulfided 
NiCr/MgSiO^ and Ni/MgSiO^ catalysts was undertaken (Ni/MgSiO^ was to­
tally inactivated by S). Upon addition of Cr, the presence of NiSO^ 
rather than NiS which is usually formed, was determined from the S XPS 
binding energy. The sulfate is known to be a more active (for the 
methanation reaction) form of Ni than the sulfide. It was suggested 
that the Cr (existing as C^O^) was promoting the formation of the more 
active NiSO. rather than NiS.
63
Matsumoto et al. (69) used XPS (and other electron spectroscopies) 
to characterize the surface of a Pd foil. Although the Pd binding 
energy showed no change with increasing sulfur coverage, the S binding 
energy changed from that resembling a sulfide to that of bulk sulfur.
This was attributed to the more efficient electron donation from Pd to S 
(per S atom) at low coverages.
Two different methods for producing Ni/ThO^ catalysts were investi­
gated by Chin et al. (Ill) since the two catalysts produced exhibited 
markedly different methanation activities. One catalyst was prepared by 
conventional impregnation of ThO^ with aqueous NitNOg)^, while the other 
catalyst was prepared by thermal decomposition, under reaction condi­
tions (CO/H„, 300°C) necessary to convert ThNic to Ni/ThO„. The conven- 
z d Z
tionally prepared catalyst was found to be almost inactive, whereas the 
catalyst prepared from the intermetallic compound was found to have a 
high activity. Upon XPS analysis it was found that the catalyst pre­
pared from ThNi^ had a Ni-rich surface as compared to the conventionally 
prepared Ni/Th*^, and since Ni is the active methanation component, the 
enhanced activity is expected. Although not explicitly pointed out by 
Chin et al., the catalyst prepared from ThNi^ would have had a final 
weight composition of approximately twice the quantity of Ni than that 
of the catalyst prepared by impregnation, which may cause changes in 
relative intensities due to metal crystallite growth and migration, such 
as those observed by Delannay et al. (104) (as reported above) and may 
be the source of the higher Ni XPS peak intensity.
A study of ruthenium in zeolite-Y by XPS was conducted by Pedersen 
and Lunsford (106). The binding energy of Ru was monitored as a func­
tion of catalyst treatment. Evacuation at 25°C of the initial
ruthenium(III) hexamine exchanged into the zeolite gave a Ru binding 
energy characteristic of Ru(III). Heat treatment of the previous sample 
in flowing He at temperatures from 115°C to 400°C gave a change in Ru 
binding energies from 282.9 to 281.A eV, which was attributed to an 
auto-reduction of the Ru (by the coordinated NH^) from Ru(III) to Ru(I). 
The catalyst was then reduced in flowing H^, exposed to reaction condi­
tions (CO/^, 280°C) , and reduced once again in After the first
reduction the Ru binding energy was 281.0 eV and after the second,
280.1 eV. The difference in binding energies was attributed to a change 
in particle size from <10 X to ~15 8, where the smaller particles would 
exhibit a greater metal-support interaction. Pedersen and Lunsford 
speculated that any growth in particle size beyond 15 8 would not exhib­
it any further change in binding energy, and the binding energy would be 
that of metallic ruthenium. Exposure of the initial catalyst to oxygen 
at elevated temperatures (>300°C) caused the Ru to migrate out of the 
zeolite cavity and sinter to form large metal crystallites (C^ followed 
by H2, each at 400°C produced crystallites with diameters of ~250 8). 
Finally, changes in binding energies were also observed for RuC^ upon 
migration from the cavity to the external surface of the zeolite 
(AB.E. = 0.9 eV). The exact basis for the changes in binding energy, 
for both Ru° and RuC^, is not known. However, both a "matrix" effect 
(the matrix effect will be covered in Chapter A) and/or partial oxida­
tion of Ru were suggested as possible sources of the binding energy 
shifts.
Shalvoy et al. (112) used XPS to characterize coprecipitated Ni on 
catalysts. By comparison of the XPS spectra of the catalysts 
formed with several nickel compounds, and by the use of an Ar ion
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sputtering gun to obtain "bulk" as well as surface spectra, they were 
able to determine the major Ni species present in the coprecipitated 
catalysts. The primary surface species on all of the unreduced cata­
lysts was amorphous nickel aluminate (NiA^O^) with NiO present within 
the catalyst pore structure or covered by NiAl^O^- The coprecipitation 
method with high nickel loadings produced a catalyst with up to 80% of 
the Ni being difficult to reduce due to strong metal support interac­
tions. At low Ni loadings the fraction of Ni which is difficult to 
reduce is even greater.
Krebs et al. (113) used XPS and AES (Auger electron spectroscopy) 
to monitor changes in an unsupported iron catalyst, before and after 
reduction, and after being used in a microreactor for CO hydrogenation. 
After reduction, XPS revealed a surface contamination of oxygen (which 
was easily removed by Ar ion sputtering and annealing) and that the Fe 
had been reduced to the metallic state. After the sample had been 
exposed to reaction conditions, XPS indicated that a significant amount 
of carbon had been deposited on the catalyst surface with a binding 
energy indicative of (unreactive) graphitic carbon.
Reymond et al. (114) compared the CO hydrogenation ability and 
activity losses of a-Fe^O^ with a-Fe (a known CO hydrogenation cata­
lyst). Both catalysts were prepared by decomposition of Fe^O^Jg'SI^O 
followed by heating in He or to obtain a-Fe^O^ and a-Fe respectively.
The a-Fe catalyst had an initial rate (for CO hydrogenation) higher than 
the a-Fe^Og catalyst, however the activity dropped rapidly to less than 
that of the a-Fe^O^ catalyst after an equivalent length of time. This 
was attributed to a rapid carbide formation (on a-Fe); identified by XRD 
as Fe2QCg. The a-Fe^O^ catalyst also formed a carbide (Fe^C by XRD),
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although much more slowly, and both catalysts, when analyzed by XPS, 
exhibited a surface carbon coverage which was easily removed by Ar ion 
sputtering. After sputtering, the Clg binding energy shifted from that 
indicative of a graphitic carbon to that of a carbidic carbon, in agree­
ment with the XRD results. XRD also revealed that the a-Fe^O^ catalyst 
did not reduce under reaction conditions; instead, Fe^O^ is produced.
Fe^O^ is proposed as an intermediate in the mechanism for the a-Fe^O^ 
catalyst. The primary reaction (differing from that on a-Fe) is,
2Fe304 + CO ^ 3Fe203 + C
with the Ye^O^ being easily regenerated by the H2 reduction of Fe203- 
In summary, Reymond et al. proposed that a-Fe203 was a more stable 
catalyst due to the ability of a-Fe to promote the conversion of active 
carbon to inactive carbon (and carbides) to a greater extent than 
a-Fe203 or FegO^. The lower initial reaction rate was attributed to the 
need for the reduction of a-Fe20.3 to Fe^^, whereas the a-Fe was already 
in its catalytically active form.
The use of XPS to characterize unsupported FeRu bimetallic cata­
lysts was reported by Ott et al. (53), Ott et al. (55), and Fleisch 
et al. (57). The results of these papers were covered previously in the 
section on bimetallic catalysts, including the use of XPS, and will not 
be reexamined here.
A number of researchers (115-120) have investigated the strong 
metal-support interaction (SMSI) observed for the Group VIII noble 
metals (reduced at high temperatures) when supported on transition metal 
oxides. Otherwise active metals (e.g. for H2 and CO adsorption) become
inactive upon reduction at high (£500°C) temperatures; this inactiv­
ity is attributed to a SMSI. An XPS study was undertaken by Sexton
et al. (120) to characterize the electronic state of the metal and
support material. TiO^ was found to undergo reduction in the presence 
of Pt, to form a defect of Ti^+ (H^, T > ~400°), whereas in the absence
of Pt, temperatures in excess of 550°C were necessary to begin reduc-
3+tion. It has been proposed that the Ti defect which forms reacts with
4+ 6-the available Pt° to form Ti and Pt . The partial charge transfer is 
predicted to be up to 0.6 electrons (117). It is this charge transfer 
which contributes to the SMSI effect which manifests itself by producing 
an unreactive supported metal species. Sexton et al. (120) compared the 
electronic state of Rh, as determined by XPS, for Rh/Ti07 reduced at 
200°C and 500°C (with and without the SMSI effect respectively). After 
elimination of an initial b:;tiding energy shift due to particle sinter­
ing, a shift of -0.2 ± 0.05 eV was observed upon changing the reduction 
temperature from 200 to 500°C. The observed shift is that "expected" 
for a negatively charged metal (as compared to the zero valent metal). 
Chien et al. (121) confirmed the results of Sexton et al. (120). How­
ever, Chien et al. points out that the SMSI only exists for small parti­
cles .
As evidenced by the previous review, an enormous amount of work in 
the field of CO hydrogenation has been accomplished; however it should 
also be obvious that simple kinetic study evaluations of catalysts are 
inadequate and additional methods of physical characterization are 
necessary. XPS has proven to be an excellent tool for this purpose due 
to its "surface" analyzing nature, since the source of a catalyst's 
activity resides in its surface characteristics. XPS can be used to
characterize the active (or inactive) catalyst surface as a function of 
changes in valence electron density (observed as binding energy shifts, 
i.e. the chemical shift), to discover the presence of impurities, and to 
monitor surface enrichment in bimetallic catalyst systems. Such in­
sights on the properties of the catalytic site coupled with the kinetic 
evaluation of the catalyst systems will provide a clearer basic under­
standing of the catalytic process. Such understanding will eventually 
lead to the ability to design better catalysts.
CHAPTER III
EXPERIMENTAL
Materials
The catalyst support materials used were Divison silica gel (SiO^)
2
Grade 923 (surface area ~285 m /S, 100-200 mesh), Davison r|-aluinina
(Al^O^) Grade 992-F (surface area ~210 m^/g, 100-200 mesh), and a Y-type
zeolite, Linde SK-40 molecular sieve catalyst base (surface area 
2~900 m /g, powder; present designation Linde molecular sieve catalyst 
base LZ-Y52 powder, obtained from Alfa Products). All of the above were 
used as received except for oven drying at 100°C and storage in a vacuum 
desiccator over ' Ferric nitrate [Fe^O^)^ '^£0 "Fischer Certified"
reagent] and ruthenium(III) trichloride (RuCl^* 1-3^0, Alfa Products) 
were used as received.
Hexaammine ruthenium(II) chloride ([Ru(NH^)^]Cl2) was prepared by a 
modification of the method of Fergusson and Love (122). After activa­
tion of RuCl^'l-SH^O with concentrated hydrochloric acid and evaporation 
to dryness (over a steam bath), the residue was added to concentrated 
ammonium hydroxide (as stated in Reference 122). Work in our laboratory 
has shown that an excess of zinc dust (Mallinckrodt, analytical reagent 
grade) and a boiling period longer than that proposed in Reference 122 
were necessary to obtain good yields. Upon a change in the color of the 
solution, indicating product formation, the solution was immediately 
filtered; small portions of ammonium chloride ("Baker Analyzed" reagent)
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were added to the resulting yellow solution until crystallization of the 
product began, at which point the solution was sealed and cooled. The 
crystals which formed were vacuum filtered, washed with small portions 
of cold ammonium hydroxide followed by cold ethanol washings. The 
resulting [RuCNH^igJC^ crystals were dried and stored over £2*^ 5 a 
desiccator under vacuum, and verified by IR.
Catalyst Preparation
The procedures used to produce the supported metal catalysts were 
the incipient wetness technique (for catalyst impregnation) and/or the 
cation exchange technique.
Catalyst Preparation by Ion Exchange
The procedure used for preparing catalysts by ion exchange involves 
dissolving an appropriate metal salt in distilled water and adding the 
desired support material (capable of cation exchange). The suspension 
formed is usually stirred for an extended period of time to allow equi­
libration between the original support cation and the metal cation. The 
suspension is then filtered (saving the filtrate) and dried. The fil­
trate is collected for analysis, in order to determine the extent of 
exchange between the metal cation and the original support cation. This 
is accomplished by analyzing for the unexchanged metal and/or the cation 
which was removed from the support material.
The only ion exchanged (mono-metallic) catalyst used was prepared 
by dissolving [RutNH^JgJC^ (~8.3 g) in deionized-distilled water (the 
water was first passed through two deionization columns and then dis­
tilled in an all glass and teflon still) (~300 mL), adding a small
amount of ascorbic acid to inhibit oxidation of Ru(II) to Ru(III), and 
adding an appropriate weight (~100 g) of NaY to form an ~3 wt.% Ru-Y 
catalyst (Ru-Y is my designation for a Ru ion exchanged on Y-zeolite 
catalyst, contrasted to Ru/Y which would indicate a catalyst prepared by 
impregnation. Note: Not necessarily does the absence of Na from the
designation imply that all of the Na has been exchanged out of the 
zeolite). The suspension formed was stirred under slowly bubbling argon 
overnight, vacuum filtered, washed with deionized-distilled water and 
dried (and stored) over i-n a desiccator under vacuum.
The material obtained, even with the oxidation preventative meas­
ures taken, was not [RutNHg)^]**”^  but an oxidation product. The ex­
changed ammine complex easily oxidizes, presumably caused by 0  ^en­
trapped within the zeolite structure, to the ruthenium red cation ex­
changed onto the zeolite, [ (NH2)^Ru^^^-0-Ru^^f(NH2)^”0-Ru^^ 
as identified by Madhusudhan et al. (123). This oxidation product has 
been observed by others (124-126). The formation is quite evident due 
to the color change from the initial pale yellow-tan color to a purple- 
pink color.
The filtrate obtained was analyzed gravimetrically for Ru as 
^u2®3*^2^ us*n8 t i^e procedure of Autokratova (127). The final catalyst 
composition (after reduction) was 2.72 wt.% Ru.
Catalyst Preparation by Impregnation
The procedure used to prepare catalysts by impregnation involves 
the determination of the incipient wetness volume of the support mate­
rial to be used. This is easily accomlished by a titration with water 
to determine the volume of water which can be contained within the pore
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structure of the support material. The catalysts are then prepared by 
the slow addition (with stirring) of an aqueous metal ion solution to 
the support material, using a volume of solution which is less than the 
incipient wetness volume; followed by drying. This method allows the 
deposition of the metal salt almost exclusively within the pore struc­
ture of the support material rather than on the external surface.
All three support materials were used to produce catalysts by 
impregnation. The incipient wetness volumes were 0.4, 0.3, and 0.9 ml 
I^O/g of support material for SiC^, A^O^, and NaY (this is the desig­
nation I will be using for the raw Y-type zeolite, in the original 
sodium form) respectively. The appropriate amount of RuCl^’l-SH^O 
(~0.27 gm), for each support material, was dissolved in a minimal volume 
of deionized-distilled water and the solution added dropwise to the 
support material (~1 g) with stirring after each drop. If the support 
material began to show signs of becoming "wet," it was dried in an oven 
for 2-3 minutes; the addition of solution was then continued. The 
solutions seem to "wet" the support material better than distilled 
water, therefore the incipient wetness volume determined with water is a 
maximum volume. The catalysts were then dried in an oven at 100°C 
overnight and subsequently stored in a vacuum desiccator over ^2^5' 
catalysts produced in this manner were to have, after reduction, an 
ultimate composition of 10 wt.% Ru, These catalysts were used in the 
study of the "matrix" effect (in XPS) and metal-support interactions 
(Chapter 4).
The iron on zeolite catalyst was also prepared by the incipient 
wetness technique. In this case the catalyst was prepared to have an 
equivalent number of metal atoms per gram of support material as the
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ruthenium on zeolite catalyst prepared by ion-exchange. The impregna­
tion technique was selected so that a predefined quantity of Fe could be 
added without the concern of incomplete transfer of the metal from
solution to support which occurs with ion exchange.
3+
An aqueous Fe solution was needed to prepare the iron-zeolite 
(Fe/Y) catalyst, therefore ~12 g of Fe(N0^)2*9H20 was dissolved in 50 mL 
deionized-distilled water (plus a small amount of ascorbic acid). The 
nitrate was chosen because of its frequent appearance in the literature 
as the anion of choice due to its relatively clean decomposition. An 
aliquot of the solution was analyzed for iron content by reduction of 
the Fe(III) to Fe(II) with Zn (Jones reductor), followed by titration 
with a standardized Ce(IV) solution according to the procedure of 
Flaschka et al. (128), which found the solution to contain 0.499 moles 
of Fe per liter of solution. Therefore 10.0 mL of the Fe^Og)^ solution 
was added to 18.18 g of NaY followed by drying and storage over ^2^5 
a desiccator under vacuum. This produced a catalyst with an Fe content 
of 1.51% by weight.
Preparation of Bimetallic Catalyst(s)
There are a number of methods by which supported bimetallic cata­
lysts can be prepared some of which are: sequential impregnation,
co-impregnation using a mixed metal solution, impregnation followed by 
ion exchange, ion exchange followed by impregnation, sequential ion 
exchange (usually the metal which is to be the major component will be 
ion exchanged first; because some of the first metal may exchange off 
the support upon addition of the second metal), and co-ion exchange;
with or without catalyst treatment(s) between any of the two step pro­
cedures .
Since there are no "standard" catalyst preparation procedures, the 
bimetallic ruthenium-iron catalyst used was prepared by the impregnation 
of iron(III) nitrate into the previously prepared ruthenium hexaammine 
exchanged Y-zeolite. The bimetallic catalyst was prepared so as to 
obtain a 1:1 atomic ratio for the two metals. This method was selected 
so that the ruthenium content would be identical to the ruthenium only
q+
catalyst (no back exchange occurs, as might happen if the Fe had been 
ion exchanged in) and the use of any other technique, not starting with 
a portion of the previously prepared ruthenium only catalyst, would not 
insure an equal amount of ruthenium on the zeolite. Equal amounts of 
metals were desired so as to keep the number of catalyst preparation, 
treatment, etc. variables to a minimum, which enables valid comparisons 
to be made. Therefore 10.0 ml of the previously analyzed Fe(N0g)g solu­
tion (used to prepare the Fe/Y catalyst already covered) was added to 
~19.2 g of the previously prepared ruthenium "hexaammine" ion exchange 
catalyst to produce a Fe/Ru-Y catalyst which was 1.47 wt.% Fe and 
2.66 wt.% Ru after reduction.
Sample Preparations
The catalyst samples were prepared by two different methods depend­
ent upon the intended use; either in the kinetic or XPS studies.
The preparation used for the catalyst samples in the kinetic stud­
ies involved pressing the catalyst powders in a hydraulic press for 
several minutes at 25,000 psi to form pellets. The pellets were crushed 
using a porcelain mortar and pestle, and sieved to 20-40 mesh.
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The samples for XPS analysis were pressed into pellets ~1 mm thick 
and ~12 mm in diameter using a hydraulic press at 10,000 psi for several 
minutes.
Sample Treatments
The sample treatments can be divided into three sections: 1) sam­
ples intended for XPS studies of the "matrix" effect and metal-support 
interactions (Chapter 4), 2) samples used in the kinetic studies, and 
3) the parallel XPS studies of samples "identical" to those used in the 
kinetic studies. The treatment conditions used in 2 and 3 above were 
duplicated, within experimental limits, where possible.
The samples used in the determination of the XPS "matrix" effect 
and metal-support interactions were prepared by the procedure of Clausen 
and Good (129) so that direct comparisons could be made with their 
Mossbauer results. The reduction procedure used consisted of a stepwise 
heating of the sample in flowing Hj (used ~60 cc/min this study, flow 
rate not specified by Clausen and Good) at 150°C for two hours, 300c>C 
for two hours, and 400°C for two hours. The samples in this study were 
purged briefly with He, then evacuated to UHV (ultra-high vacuum) and 
cooled to room temperature.
The samples for the kinetic study were placed in an all glass 
reactor and connected to a glass vacuum system and evacuated. Approxi­
mately 300 Torr (1 Torr = 133.3 N m )^ of ^  was circulated over the 
catalyst bed; the reactor temperature raised to 400°C and maintained for 
six hours (a liquid nitrogen cooled trap was in the recirculation system 
to trap any reduction products, esp. water). The samples were then
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evacuated at 300°C, the surface areas determined by standard chemi- 
sorption assuming a 1:1 metal-H ratio, and re-evacuated for use in the 
CO hydrogenation reaction; the specific reaction conditions will be 
covered later. A sample of each catalyst was also subjected to l^S 
poisoning (diluted in He) after reduction and surface area determina­
tion, to the extent that 1/4 of the active sites were poisoned, assuming 
a 2:1 metal-sulfur ratio. The catalysts were re-evacuated and used for 
CO hydrogenation.
The catalysts used in the XPS studies were subjected to a series of 
treatments which will be labeled and listed here. They are:
Treatment A - Evacuation overnight at 50°C and 1 hr. at 75°C (this 
treatment was necessary to dry and degas the sample 
sufficiently for XPS analysis; otherwise sample degassing 
would not allow an adequate vacuum in the analysis cham­
ber to be obtained for several days to more than a week, 
due to the extremely large surface area of the zeolite). 
Treatment B - Treatment A followed by slow heating to 400°C (the time 
from 75°C to 400°C was ~l/2 hr.) in flowing (~60 cc/
min.) and reduction at 400°C for 6 hr.
Treatment C - Treatment B followed by slow heating to 250°C in flowing 
He (~60 cc/min.); the gas was then switched to premixed 
H^CO (Matheson Certified; 26.13% CO, balance H^; ~3:1 
molecular ratio) for 2 hr. at ~60 cc/min. The sample was 
then purged with He, evacuated to UHV and cooled to room 
temperature (~20°C).
Treatment D - Treatment B followed by slow heating to 250°C in flowing 
He, whereat the gas stream was switched to a premixed 
^S/He stream (Matheson Certified; 56 ppm ^S, balance 
He) for 2 hr.
Treatment E - Treatment D followed by exposure to CO and Hj as outlined 
in Treatment C.
Kinetic and Gas Adsorption Studies
The kinetic and gas adsorption studies were done on campus in a oil 
diffusion pumped glass system (130). The reactor system was of the 
recirculation type with the reactor operating in the differential pass 
mode (low conversion per pass). The gases used were of research grade 
and purified before use. The Hj was passed over a heated Pd/A^O^ 
catalyst to reduce any present to ^ 0  which was removed with a liquid 
nitrogen cooled molecular sieve trap. The CO was passed over a molecu­
lar sieve trap which was cooled with a dry ice-acetone bath and He was 
passed over a liquid nitrogen cooled molecular sieves trap.
The standard procedure used for the kinetic studies was catalyst 
reduction, ^  chemisorption (for active surface area determination), 
followed by reaction of an approximately 3:1 ^tCO mixture in He 
(~100 Torr CO, ~300 Torr H2, and balance to 760 Torr with He) at 250°C 
(except for the Fe/Y which was almost inactive at 250°C, therefore the 
reaction temperature used was 350°C). A dry ice-acetone cold trap was 
present in the recirculation system to remove water produced during the 
reaction in order to minimize the water gas shift reaction 
CO + ^ 0  ■+ CO2 + H2). The initial reactant mixtures and the reactant- 
product compositions, after periodic lengths of time, were monitored
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using a Carle model 111H Series S gas chromatograph (GC). The GC was 
configured to do one analysis in ~20 min. and could separate and detect 
1^, 0^, N^, CO, CO^, straight chain saturated hydrocarbons,
1-methyl propane, some branched chain C,. hydrocarbons, and most of the 
C0-C, olefins. The GC was connected to a Hewlett-Packard model 3390A
2 *4
integrator-recorder for both qualitative and quantitative analysis, and 
the GC was periodically calibrated with a standard gas mixture.
The active surface area (number of active sites) was determined by 
standard Hj chemisorption at 100°C assuming a Langmuir-type of adsorp­
tion, monolayer coverage determined by extrapolation of the plateau back 
to zero pressure.
XPS Studies
The XPS studies were done on a Perkin Elmer Physical Electronics 
Division (PHI) model 548 ESCA/Auger system equipped with a PHI model 
2100 sample introduction system with the optional PHI model 02-120 
hot/cold speciment transport probe (capable of heating the sample to 
~700°C) and a PHI Model 32-030 Neutralizer for the minimization/ 
elimination of sample charging. The ESCA/Auger system was also inter­
faced to a Tracor Northern model TN-1505 signal averager (operated in 
the multichannel scaling (MCS) mode) allowing the data to be collected 
digitally. Digital data was usually acquired by signal averaging; 
signal averaging consists of repeated scans over the same binding energy 
range in order to increase the signal to noise ratio since the noise is 
random in nature and will "average" out with repeated scans, whereas the 
signal will increase with each scan. The digitally acquired data was 
transfered directly to a Perkin Elmer Interdata Division model 8/32
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computer for analysis using a standard non-linear least squares program 
utilizing a linear background correction, constant high binding energy 
side peak tailing correction, and a line shape variable between Gaussian 
and Lorentzian. The computational section of the non-linear least 
squares program was taken from a program written by Coatsworth (131).
The resulting spectra were plotted on a Tektonix model 4662 digital 
plotter.
X-Ray Diffraction
X-ray powder diffractions were obtained on a Philips Goniometer 
equipped with a Cu Long-Fine-Focus tube operating at 45 KV and '35 mA.
The 20 scan range was from 4 to 60° in 0.04° 20 steps with a 1 second 
counting time at each step.
CHAPTER IV
METAL-SUPPORT INTERACTIONS 
Introduction
Heterogeneous catalysts are often prepared by dispersing the active 
metal on an "inert" support, however most supports are not truly inert. 
Although the support material itself may not be active catalytically, it 
may influence the catalytic behavior of a metal supported on it; this 
influence is often refered to as a metal-support interaction. Varying 
degrees of metal-support interactions have been reported (5, 17, 42,
109, 112, 129, 132, 133, and others). However, the most striking demon­
strations of metal-support interactions are those designated as SMSI 
(strong metal-support interaction). These have been discussed earlier, 
and a common example consists of a noble metal on TiC^ which after being 
reduced at a high temperature produces an essentially inactive catalyst 
(115-121, 134, and others). The ability to quantitate such effects 
should provide new insights into this phenomenon and aid in overall 
catalyst design.
Thus this study was undertaken to determine the efficacy of XPS as 
an observational and/or quantitative tool for defining such effects.
The model systems used were Ru dispersed on several common support 
materials.
Binding energy shifts of metals supported on metal oxide substrates 
can be ascribed to several effects. Some of these effects are: sample
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charging (catalyst support materials are often insulators), "matrix" 
effects, metal-support interactions, and valence electron density 
changes. The origin of these binding energy shifts are all obvious 
except for the matrix effect. The matrix effect can be defined as the 
contribution to a binding energy shift of a metal going from the pure 
bulk metallic state to a highly dispersed metal in a particular host or 
matrix. This effect results from differences in the crystal field 
potential, work function, and relaxation energy (5). To determine the 
extent of metal-support interactions, all of these other effects must be 
eliminated or their magnitudes determined. Each will be discussed in 
turn below.
Methods for minimizing and determining the contribution to binding 
energy shifts caused by the charging effect have been covered previously 
(see Chapter II).
The matrix effect can be defined by a review of the basic physics
of the XPS phenomena. The absolute binding energy shift for an electron
in a common species (Q) in two different matrices, X and Y, is defined
as (according to the notation of Kim and Winograd (5) which will be used
throughout this chapter):
AEg(Q:X,Y) = E (^Q:X) - Eg(Q:Y) (4-1)
V
where Eg is the binding energy referenced to the vacuum level and the
V . .
expression Eg(Q:X) represents the binding energy of species Q in matrix 
X. The important contributions to the binding energy shift can then be 
expressed as:
AEg(Q:X,Y) = Aq/r - AV - AER (4-2)
where AEg is the same, Aq is the change in valence electronic charge, r 
is the valence shell radius (Aq/r is often refered to as the chemical 
shift and is due to, e.g. differences in valence electron density or in 
oxidation state, in this case, of species Q), AV is the change in crys­
tal field potential, and AEg is the change in extra- and intra-atomic 
relaxation energies (with the primary change arising from the extra- 
atomic relaxation energy, i.e. the response of the surrounding lattice 
to the formation of the photoelectric hole formation, in contrast to the 
intra-atomic relaxation which would be expected to remain almost con­
stant (4, 5)). Since, as stated earlier, XPS binding energy measure­
ments of solids are usually not referenced to the vacuum level, but 
rather to the Fermi level, a correction due to the difference in the 
work functions (A(J)) of the two matrices must be made, which gives:
AEg(Q:X,Y) = Aq/r - AV - AER - A$ (4-3)
where the superscript F signifies Fermi level referencing. The final 
three terms in Equation 3, as pointed out by Kim and Winograd, are 
strongly matrix dependent and are what will be referred to collectively 
as the "matrix" effect.
The ability to quantify the matrix effect is therefore dependent 
upon finding a dispersed system wherein the Aq/r term is for all prac­
tical purposes zero. This can be (and has been) accomplished by the use 
of noble gas implantation (5), since no chemical interaction would be 
expected to occur, Aq/r = 0. Therefore, according to the previous nota­
tion, a noble gas A implanted in matrices X and Y would exhibit a bind­
ing energy shift given by:
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Eg(A:X,Y) = Eg(A:X) - E*(A:Y) = -AV - AER - A*. (4-4)
Therefore the chemical shift of an active species Q dispersed within the 
same host matrices X and Y would be given by:
Aq/r = AEg(Q:X,Y) - Ae£(A:X,Y). (4-5)
An example of the elimination of the matrix effect by noble gas 
implantation into the host matrix was done by Kim and Winograd (5).
They determined the binding energy shift for Au in Sit^, relative to 
bulk Au, by the implantation of Au into SiC^ and by the implantation of 
Ar into Au and SiC^- The observed binding energy shift for Au was 
1.1 eV, however the chemical shift is predicted by:
Aq/r = AEg(Au: SiC^ ,Au) - AEgfAriSiC^Au) , (4-6)
and subsituting the measured binding energies gives:
Aq/r = (84.9 - 83.8) - (241.9 - 240.5) = -0.3 eV. (4-7)
Therefore the observed 1.1 eV shift is, as shown by Equation 7, due 
primarily to matrix effects and any contribution due to the chemical 
shift is minor. If one assumes the oxidation state of the implanted Au 
to be zero, then the chemical shift would be indicative of the magnitude 
of the metal-support interaction; the value found is small and therefore 
shows little metal-support interaction which is what is usually observed 
for metals supported on SiC^.
Procedure
The contributions to XPS binding energy shifts for Ru supported on 
three different support materials (SiO^, Al^O^, and NaY) was investi­
gated by the noble gas implantation technique of Kim and Winograd (5) 
for matrix effect determination. The procedure involved the determina­
tion of accurate binding energies for the supported Ru and the implanted 
Ar in each of the support materials. The major difficulty was the 
elimination of the binding energy shift due to sample charging since all 
of the support materials were insulators. The extent of sample charging 
was minimized by the use of an electron flood gun set according to the 
procedure of Barr (90); the electron flood gun current was increased 
until an intense peak (usually a major component of the support mate­
rial, i.e. Si, 0, or Al) reached a maximum in intensity and a minimum in 
linewidth. The observed binding energies were then corrected either
directly or indirectly to the C1 peak (binding energy of adventitious
X s
C. taken to be 284.6 eV according to Reference 88). The indirect X s
referencing to the C- referred to above was accomplished by determining
X s
the binding energy of a component of the support material (Si or Al) 
referenced to the and then using the determined Si or Al binding
energy as an internal standard for binding energy correction (especially 
after Ar ion bombardment which often removed a majority of the adventi­
tious carbon).
Three of the catalyst samples studied were prepared by impregnation 
of SiO^, A^Og, and NaY with RuCl^’l-SI^O to form 10 wt.% Ru catalysts. 
One catalyst containing 2.76 wt.% Ru on Y-zeolite was prepared by ion 
exchange. The four model catalysts will be designated respectively:
Ru/SiO^, Ru/Al^O^, Ru/Y, and Ru-Y. Argon implantation was accomplished 
by the use of a conventional ion sputtering gun for 1 or 2 hours using 
an argon pressure of 5 x 10  ^Torr and an accelerating potential of 500, 
1000, and 2000 V. The various accelerating potentials were studied in 
order to determine whether any damage to the support material was occur­
ring. Although no changes were observed, the 1000 V accelerating poten­
tial was used predominately since Kim et al. (135) found SiO^ and A^O^ 
to be uneffected by 1000 eV Ar+ bombardment (some metal oxides are 
reduced by argon ion bombardment). Although Kim et al. did not study 
zeolites, it is assumed that NaY is also stable to Ar+ bombardment, 
since the zeolite is a framework of Al and Si oxides and since no change 
in the XPS spectra was observed after extensive Ar+ bombardment (except 
for a slight decrease in Na intensity).
Results and Discussion
Each of the support materials was studied individually as powder 
samples pressed into indium foil or pressed into pellets for mounting in 
the spectrometer. The samples, after being inserted into the UHV cham­
ber of the spectrometer, were left undisturbed until the pressure in the
-9chamber was <8 x 10 Torr (this would often take a number of days due 
to the large surface areas of the support materials). Survey spectra 
(1000-0 eV scans) of each of the support materials was taken and a 
representative spectra for each is shown in Figure 4. However, the 
accurate determination of binding energies requires more detailed, 
smaller range scans of 20 eV's. In order to correct for sample charging 
shifts, a standard peak was scanned both before and after the scanning 
of the peak of interest. Sample spectra of the standard peaks for each
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Figure 4. XPS survey scans of a) SiO^, b) Al^O^, and c) NaY.
of the three support materials (Si 2p for SiO^ and NaY and A1 2p for 
A^Og) are shown in Figure 5 and the average binding energies found are 
given in Table I. The Si 2p binding energy obtained for NaY is in 
excellent agreement with Barr's (90) value of 102.55 eV (modified such 
that adventitious is at 284.6 eV). The binding energies for SiO^ 
and Al^O^ are within the ranges of values given in Reference 88. The 
source of variability in the values is not known exactly at this time, 
but may be due to different forms of the oxides being reported. The 
average binding energies listed in Table I will be used for charge shift 
corrections throughout this work.
Table I
Support Material Binding Energies used for Referencing
Support Material Peak Binding Energy (eV)*
Si02 Si 2p 103.29 (.09)
A12°3 A1 2p 74.11 (.27)
NaY Si 2p 102.54 (.18)
The binding energy values are averages referenced to adventitious 
carbon (CL ) taken to be 284.60 eV and the values in parentheses are the 
standard deviations.
Using the procedure outlined previously, the binding energy for Ar 
implanted in each of the support materials was determined. It was 
necessary in the case of the implanted Ar to digitally accumulate and 
signal average in order to improve the signal to noise ratio. The need 
for signal averaging is a consequence of the low concentration of Ar in
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Figure 5. XPS spectra of the "standard" peaks of a) Si 2p of SiO„, 
b) Si 2p of NaY,and c) A1 2p of Al^O^.
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the support material, due not only to the limited amount of Ar which can 
be implanted, but also due to the migration of the Ar out of the support 
material since it is in an ultra-high vacuum.
Initially the samples were mounted by pressing the support material 
into indium foil. A spectrum for Ar implanted in SiC^ is shown in 
Figure 6a. At this point it may be necessary to assist the reader in 
XPS spectra interpretation. Referring to Figure 6a; the plus signs (+) 
represent the data points (a total of 1022 data points are accumulated, 
however not necessarily are they all plotted in order to keep the fitted 
lines observable), the uppermost line is a sum of all of the lower 
lines, the lower lines each represent one independent peak (the same 
line may also include the x-ray satellites at a lower binding energy, 
and a constant "tail" on the high binding energy side of the peak; both 
of these phenomena were described in Chapter II), and finally the ordi- , 
nate is that intensity which is above the background (or baseline). The 
two intense peaks shown in the spectrum are the Ar 2pj^ an  ^^ 3/2 Pea^s 
at 244.56 and 242.50 eV respectively.
It was soon realized that since it would be necessary for all of 
the supported Ru samples to be mounted as pressed pellets, the samples 
for Ar implantation should be mounted similarly. The spectrum for a 
Si(>2 pellet is shown in Figure 6b with its initial two line fit. Com­
paring Figure 6b to Figure 6a it is obvious that the peaks are much 
broader and if one looks at Figure 6c (same data as Figure 6b) the 
spectrum is much better fit by two Ar doublets. Although the spectrum 
is fit much better by two doublets, the question arises as to the basis 
for two "types" of Ar. According to Barr (136), since these original 
samples were only being charge corrected by the use of the adventitious
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Figure 6. XPS spectra of the Ar 2pj 2 p p e a k s  for Ar implanted in 
a) Si0„ powder mounted on indium foil, b) SiO„ in pellet form 
without neutralizer (two line fit), c) spectrum in 'b' with 
four line fit (see text) and d) Si0„ pellet using neutralizer 
to eliminate differential charging.
carbon peak (to prevent wanning the sample, the neutralizer was not 
being used so that migration of Ar out of the support would be mini­
mized), the observation of two types of Ar may be due to a differential 
charging of the sample. Differential charging occurs when different 
locations in a semi- or non-conductive sample charge to different ex­
tents. The differential charging phenomena should disappear if a neu­
tralizer is used to provide a source of near zero kinetic energy elec­
trons to replenish the electron deficient surface. A spectrum of Ar in 
a SiC>2 pellet, utilizing charge neutralization, is shown in Figure 6d, 
and it can be seen that the problem of two types of Ar has been elimi­
nated. The question of why the pellet form of SiC^ demonstrated differ­
ential charging whereas the powder form did not still remains. A possi­
ble explanation is the formation of a new location in the SiC>2 pellet 
where the Ar could reside which was unavailable in the powder form. A 
possible location is the inter-particle spacings produced during pel- 
letization, which would be in addition to the intra-particle locations 
available in both mounting procedures.
Representative spectra for Ar in A^O^ and NaY are shown in Fig­
ure 7, and the average Ar ^p^^ binding energies for each of the support 
materials is shown in Table II.
Representative spectra of the four reduced catalysts are shown in 
Figure 8 and the (average) Ru binding energies for each catalyst
are given in Table III. As can be seen from either the spectra in 
Figure 8 or the Ru 3d^^ binding energies in Table III, Ru exhibits a 
range of binding energies, although supported Ru has been observed by 
many (106, 124, 129, 137) to be easily reduced (under similar condi­
tions) to Ru(0). This phenomenon may be attributed to a combination of
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Figure 7. XPS spectra of Ar (2p. and 2p,,„ peaks) in 
a) A1203 and b) NaY. l/Z
93
Table II
Average Binding Energies of Argon in SiO^, Al^O^, and NaY
Support Material Ar 2p^ 2  Binding Energy (eV)*
Si02 241.51 (.25)
A12°3 241.15 (.36)
NaY 241.27 (.03)
The binding energies are averages referenced directly or indi­
rectly (covered earlier in this chapter) to adventitious carbon (Cjg)
284.60 eV and the values in parentheses are the standard deviations.
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XPS spectra of Ru 3d,,,, Ru 3d, and C- peaks of the 
reduced forms of a) Ru/SiO,, bj Ru/Al,0,,sc) Ru/Y, and 
d) Ru-Y. Z 1 6
Table III
Relative Metal-Support Interactions for Several Ru Catalysts
Catalyst
Ru 3d5/2  ^
Binding Energy (eV)
Ar 2p3/2 
Binding Energy (eV) Eg(Ru:Sup, Ru) (eV)3 Aq/r (eV)^
Ru/Si02 279.75 (.31) 241.51 (.25) -0.25 (.31) 0.0 (.4)
Ru/AUO, 279.28 (.16) 241.15 (.36) -0.72 (.16) -0.1 (.4)
i- J 281.07 (.05) 241.15 (.36) 1.07 (.05) 1-7 (.4)
Ru/Y 278.88 (.05) 241.27 (.03) -1.12 (.05) -0.6 (.06)
Ru-Y 280.01 (.27) 241.27 (.03) 0.01 (.27) 0.5 (.3)
^Average binding energies are referenced directly or indirectly to adventitous carbon (Cjs) at
284.60 eV. The values in parentheses are standard deviations.
2From Table II.
3
Calculated according to Equation 4. The binding energy for bulk Ru metal is taken to be 280.00 eV 
according to Reference 88; zero error assumed.
^Calculated according to Equation 5. The Ar 2p . binding energy for argon in Ru metal is set to 
241.76 eV; the reason for this choice is discussed in the text. This allows for the relative comparisons of 
metal-support interactions. Error propagation is according to Reference 139.
VO
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matrix and metal-support interaction effects. Matrix effects have been 
seen by others (4, 5, 138) wherein a metal dispersed in a different host 
material or a noble gas implanted into a host material will exhibit a 
shift in binding energy compared to either the pure metal or to the free 
atom noble gas value.
Binding energy (Ru 3 d shifts for each catalyst, compared to Ru 
metal (Ru 3d^^ = 280.00 eV; Reference 88), are shown in Table III, It 
is of interest to know the relative degrees of metal-support interaction 
for each support. By using Equation 5, Aq/r (the chemical shift) was 
calculated. These are relative shifts since the Ar 2pg^ binding energy 
for Ar implanted in Ru was not determined since no ruthenium foil could 
be obtained. The value chosen for Ar implanted in Ru was 241.76 eV.
This value was selected to provide a Aq/r value of zero for Ru/SiO^ 
since metal-support interactions for SiO^ have been shown by others (5,
129) to be minimal. Using the Ar implantation technique (used in this 
study) for Au/SiO^ Kim and Winograd (5) found little metal-support 
interaction between the Au and SiO^. Clausen and Good (129) concluded 
that little metal-support interaction was occurring for a 10 wt.%
Ru/SiC^ system. They concluded that the degree of metal-support inter­
action for SiO^ must be small since no Mossbauer spectra could be ob­
tained for small Ru crystallites (average particle size was 85 X). The 
conclusion was based on the fact that to have an observable Mossbauer 
resonance, either the metal particles must be heavy enough (a "heavy 
enough" particle diameter was calculated by Clausen and Good to be 
£368 X) to undergo a recoil-free adsorption, the metal crystallite must 
interact significantly with the support such that the mass of the metal 
crystallite "appears" larger. Since the binding energies for Ru metal
and Ar implanted in Ru are the same for each case, all of the values may 
be offset by some unknown constant. Thus all of the calculated metal 
support interactions are relative to the SiO^ case.
Ruthenium on presents an interesting case, since two species
of Ru were observed. One species exhibits a small degree of metal- 
support interaction whereas the other shows a significant binding energy 
shift. Using Mossbauer spectroscopy Clausen and Good (129) also found 
that a significant metal-support interaction must occur with Al^O^, 
since an excellent spectrum was observed, although a particle size of 
only approximately 100 8 was found. Initially it was though that the 
second species of Ru might be due to an incomplete reduction, therefore 
the same sample was reduced again (same conditions as first reduction) 
without prior exposure to air. The peak at ~279 eV remained essentially 
constant, however the peak originally at ~28l eV changed to ~280 eV.
This can be attributed to either the difficult reduction of a portion of 
the Ru or to a decrease in metal-support interaction. Both of these 
imply the presence of a significant metal-support interaction; the 
former by the difficulty in Ru reduction which can be attributed to a 
strong metal-support interaction. The latter observation may be due to 
an increase in particle size (not unusual for extended high temperature 
reduction thereby allowing migration of Ru to form larger particles) 
which would cause a decrease in metal-support interaction since there 
would be an accompanied decrease in surface:volume ratio and hence less 
interaction per Ru atom.
Two different catalysts using Y-zeolite were studied; one prepared 
by ion-exchange (Ru-Y) and the other by impregnation (Ru/Y). The chemi­
cal shift for Ru-Y shows a medium degree of metal-support interaction as
shown in Table III. However, Ru/Y shows a significant negative metal- 
support interaction as compared to all of the other catalysts. This 
appeared rather strange, therefore an x-ray powder diffraction (XRD) was 
obtained (after exposure to air). The particle size determined from XRD 
line broadening was 120 8 (the procedure for XRD particle size determi­
nation is described in Chapter VI) as compared to 21 8 for Ru-Y (Chap­
ter VI, Table VIII). Therefore the Ru crystallites in the case of Ru/Y 
must have migrated to the exterior of the zeolite since the supercage 
structure can only accomodate particles of less than ~13 8. The large 
negative metal-support interaction may be attributable to the effect 
where large metal particles on the exterior of the zeolite (an insula­
tor) may show a large negative deviation in binding energy from that 
expected for the bulk metal. This is due to an unequal charge shift 
compensation provided by the flood of low kinetic energy electrons. A 
detailed description of this effect will be discussed in Chapter VI.
Summary
Although the exact determination of the matrix effect was not 
possible (due to not being able to obtain a value for the binding energy 
of Ar in Ru) , relative chemical shifts for Ru in/on ^2^3 ’ an(*
were obtained. These showed that Ru/A^O^ had the largest metal-support 
interaction followed by Ru-Y and then Ru/SiO^. Ru/Y was found to con­
tain large Ru crystallites on the exterior surface of the zeolite and 
therefore the calculation of a metal-support interaction is probably not 
applicable.
To compare the differences in degree of metal-support interaction 
for different metals on the same supports would require the determina­
tion of the Ar binding energies in each of the metals of interest and 
the metal binding energies (although most metal binding energies have 
been reported in the literature there can be some variations from lab to 
lab).
CHAPTER V
KINETIC STUDIES 
Introduction
The value of any investigation involving the physical characteri­
zation of "catalysts" is somewhat incomplete without having any knowl­
edge as to their actual ability to catalyze some reaction. Therefore a 
kinetic study was undertaken in order to determine the activity of three 
proposed catalyst systems, both with and without pre-poisoning of the 
active surface with a measured amount of H^S. The catalyst systems 
chosen were Ru-Y, Fe/Y and Fe/Ru-Y (preparations given in Chapter III).
The CO hydrogenation reaction was chosen for this investigation due 
to the enormous interest in it as an alternate source of low molecular 
weight hydrocarbons for fuels and feedstocks. Therefore this investiga­
tion will concentrate on the activity of the catalysts, the product 
distributions obtained, and the effects of H^S poisoning. The degree of 
poisoning was approximately one quarter of the active sites as deter­
mined by chemisorption. The poisoning was done prior to exposing the 
catalyst to reaction conditions.
This study was not intended to be one of a complete kinetic charac­
terization of the catalysts, but rather to obtain data which would show 
what trends may be occurring upon "metal-mixing" and prepoisoning by 
sulfur. Thus no rate equations or reaction mechanisms will be proposed.
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Results and Discussion
The catalysts were prepared according to the procedure outlined in 
Chapter III. They were then loaded and sealed into individual glass 
reactors. The catalysts were then reduced in Hj at 400°C for 6 hr.
After reduction, adsorption measurements were made in order to deter­
mine the number of active sites on each catalyst by extrapolating the 
plateau of the adsorption curve back to zero pressure and assuming a 
1:1 active metal site-H interaction ratio. The composition, the amount 
of catalyst used, the amount of adsorbed, and the estimated metal
crystallite sizes are listed in Table IV.
The Ru catalyst exhibited the greatest ability to adsorb 1^, where­
as the Fe catalyst adsorbed only a minimal amount of H^. At this point 
it is of interest to question why the Fe catalyst had such a low 1^ 
adsorption capacity since the catalysts were prepared so as to contain 
approximately equal numbers of metal atoms. As will be seen in Chap­
ter VI, the primary reason for Fe/Y's inability to adsorb is that the
supported Fe had not been reduced to the metallic state. Addition of Fe 
to Ru-Y produced Fe/Ru-Y, which reduced the catalyst's ability to adsorb 
even though there is now approximately twice the metal content of 
either of the single metal catalysts. This may be due to the formation 
of mixed metal particles in which some of the metallic Ru is covered by 
an oxidized Fe species which would decrease the amount of Ru available 
for 1^ adsorption. Another possible explanation is that addition of Fe 
has caused the Ru to form larger metal crystallites. The latter expla­
nation is supported by the observation of oxidized Ru species which are 
very mobile and thus may easily migrate to form larger particles. The
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Table IV
Catalyst Composition and 1^ Adsorption
Catalyst
Weight % Amount of 
Catalyst
Used (g)
Adsorbed
per Gram of 
Catalyst
(p moles)
Metal
Crystallite
Size (&)*Ru Fe
Ru-Y 2.72 0.0 0.3124 52.9 21
Fe/Y 0.0 1.51 0.3083 2.6
_2
Fe/Ru-Y 2.66 1.47 0.3769 35.0 313
^Calculated using the procedure of Dalla Betta (140) and will be 
covered in more detail in Chapter VI.
2
Since particle size estimation is based on H_ adsorption on a 
metallic surface, and as will be shown in Chapter Vi, Fe is not in the 
zero valent state; therefore a particle size estimation is not possible.
3
Based on Ru content only.
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XPS results in Chapter VI show the Ru to have been oxidized to a combi­
nation of oxidation states greater than +3.
From the adsorption, metal crystallite sizes can be estimated.
Using the procedure of Dalla Betta (140), which will be described in 
Chapter VI, and based only on Ru content, metal crystallite sizes of 21 
and 31 8 were calculated for Ru-Y and Fe/Ru-Y respectively. Since 
particle size calculations are based on metal-H chemisorption and the Fe 
was not in the metallic state no particle size for Fe/Y was calculated.
All of the catalysts, either with or without l^S prepoisoning, were 
then subjected to an approximate 3:1 H^iCO mixture at a total pressure 
of ~400 Torr, to which He was added to obtain a final pressure of 
~760 Torr. The reaction for all of the catalysts was run initially at 
250°C, however the Fe/Y catalyst activity was found to be so low (after 
105 min. at 250°C only ~G.5 Torr of Cf^ and ~0.3 Torr at CH^ had formed) 
that no usable data was collectable in a reasonable time period of 
2-4 hours. Therefore, the reaction temperature chosen for the Fe/Y 
catalyst was 350°C. The initial turnover numbers are shown in Table V. 
Sample plots of CO and CH^ pressure changes, the curves used to fit the 
data (since no detailed kinetic information was obtained to develop an 
appropriate kinetic expression, a simple exponential function was used 
to fit the data), and the lines showing the estimate of the initial 
rates are shown in Figure 9.
Table V also lists "corrected" turnover numbers. These are cor­
rected to a standard condition of 100 and 300 Torr initial CO and H2 
pressures respectively, and the Fe/Y catalyst's reaction temperature was 
corrected to 250°C. All of the corrections assumed that the rate of 
reaction followed the expression,
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Figure 9. Representative plots of PCQ (a) and PCH (b) versus time.
4
Specifically these are for the non-sulfided Ru-Y catalyst.
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Table V
CO and CH. Turnover Numbers 4
Catalyst
h2s
Pretreatment
3
Turnover Numbers x 10 
(molecules/site-sec)
CO1 CH.14
2
CO*
2
Ru-Y No 8.2 3.1 8.6 3.2
Yes 10.3 3.3 10.2 3.3
Fe/Y No 81.3 10.0 5.4 0.7
Yes 80.8 15.8 5.4 1.1
Fe/Ru-Y No 12.4 5.4 12.6 5.5
Yes 13.1 4.6 13.4 4.7
^Initial rate turnover number. Conditions P„n = 8 9 - 9 8  Torr,
P„ = 277 - 290 Torr, Temperature 250°C for Ru-Y and Fe/Ru-Y, and 350°C 
2
for Fe/Y (see text).
2
Initial rate turnover numbers corrected to P„^ = 100 Torr,
PH = 300 Torr and Temperature = 250°C. Assuming that the,
2 -E /RT
Rate = Ae P^ P^; X = 1.08, Y = -0.63 for Ru-Y (Reference 58);
X = 1, Y = 0 for Fe/Y (Reference 141) and E =18 kcal/mole (Refer­
ence 51); and X = 1.2, Y = -0.2 for Fe/Ru-Ym(Reference 51).
where, for the Ru containing catalysts only values for X and Y were 
necessary. For Fe/Y, not only X and Y, but a value of Em was also 
needed for a correction to a reaction temperature 250°C. All of the 
values were obtained from the literature for anologous systems. The 
exact values are given in the footnotes of Table V along with the appro 
priate references. However, except for the case of Fe/Y, the turnover 
numbers were not greatly affected by the modifications.
The turnover number for Ru-Y is greater than that of Fe/Y, which i 
what has been seen by others (19, 51). The Fe/Ru-Y catalyst exhibited 
greater turnover number than either Fe/Y or Ru-Y. Vannice et al. (51) 
also saw an increase in turnover number upon addition of a small amount 
of Fe to a SiO^ supported Ru catalyst. However, for another Ru/SiC^ 
system the turnover number decreased, and for the system mentioned 
previously which increased upon addition of a small amount of Fe, the 
turnover number decreased when the Ru:Fe atom ratio approached 1. In 
contrast to the findings of Vannice et al. (51) for SiC^ supported and 
Ott et al. (55) for unsupported systems, the mixed metal catalyst does 
not show an decrease in CH^ selectivity, but rather the product distri­
bution is similar to Ru-Y as can be seen in Table VI. Although not 
shown in Table VI, the Fe/Ru-Y catalyst was the only catalyst to produc 
any pentane or propene, although only a small amounts were produced.
The propene appeared near the beginning of the reaction. As the reac­
tion continued, the partial pressure of propene decreased; presumably
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Table VI
Time and Product Distribution at 25% CO Conversion1
h2s
Pretreatment
Time 
to 25% 
Conversion
(min.)
% of Total Carbon
2
Products
Catalyst C1 C2 C3 C4 C°2
Ru-Y No 57 54.2 15.7 20.3 9.6 0.2
Yes 68 62.5 14.0 19.6 0.1 3.9
Fe/Y No 150 37.0 3.4
3
21.3
0.0
3
17.0
0.0 21.3
Yes 236 36.4 4.9
3
20.7J
0.0
3
15.3
0.0 22.7
Fe/Ru-Y No 50 59.5 15.9 14.9 8.3 1.5
Yes 66 55.3 16.6 17.4 10.7 0.0
^^iCO ratio ~3, reaction temperatures 250, 350, and 250°C for 
Ru-Y, Fe/Y, and Fe/Ru-Y, respectively.
? n?c 
Calculated as % = ^---—  x 100
2 nPr 
1 n
3
Other than trace amounts, these are the only olefins produced.
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the propene either was hydrogenated to propane or reacted to form a 
higher molecular weight hydrocarbon.
It is interesting to note that although the Fe/Y catalyst (reaction 
temperature 350°C) had the greatest initial turnover numbers for CO and 
CH^, it also took the longest time to react 25% of the initial CO pres­
ent. This may be due to an initial high rate of CO decomposition ac­
cording to the reaction proposed by Reymond et al. (114). They proposed 
the following reaction for methanation over Fe^O^ catalysts;
2Fe304 + CO I 3Fe203 + C,
with the carbon subsequently being hydrogenated. However, presently 
there is no direct evidence for the validity of this reaction. Although 
Table VI indicates Fe/Y to be the only catalyst to produce olefins, this 
is most likely an artifact of the Ru containing catalysts' ability to 
hydrogenate any olefins produced on the next pass through the reactor 
since the reactor system is of the "batch" recycle type. The Ru con­
taining catalysts did show some olefin production early in the reaction 
but as the reaction continued the olefin concentration decreased.
The times required to obtain 25% CO conversion demonstrate that the 
H^S actually poisoned a portion of the catalyst. If the number of 
active sites is decreased according to the amount of added and 
assuming a 2:1 Ru:S adsorption ratio according to Agrawal (77) and 
Agrawal et al. (56), and this new number of active sites is used in 
calculating the turnover numbers, the values shown in Table V are ob­
tained. It is interesting to notice that for Ru-Y and Fe/Ru-Y the 
specific activities for CO disappearance are greater for the presulfided 
catalysts as compared to the non-sulfided catalysts. Of greater
interest however is the fact that the CH. turnover numbers either didn't4
increase as much as the CO turnover numbers or decreased upon sulfiding. 
Thus the selectivity for CH^ production had decreased. The Fe only 
catalyst reacted differently from the two Ru containing catalysts in 
that the CO turnover number seemed to be uneffected by and the CH^ 
selectivity increased.
In contrast to the results expected from the initial turnover 
numbers, Table VI shows that for Ru-Y, presulfiding increased CH^ selec­
tivity, almost eliminated the butane production, and caused a large 
increase in CO^ production. These findings are not in agreement with 
the sulfur poisoning studies of Dalla Betta et al. (39) which showed 
that for three Ru/A^O^ catalysts, sulfur poisoning caused a decrease in 
CH^ selectivity. The basis for the difference and whether or not the 
difference in support materials has any effect is not known at this 
time. For all practical considerations the Fe/Y catalyst's product 
distributon was unchanged by prepoisoning. Interestingly, the 
Fe/Ru-Y catalyst reacted to the l^S poisoning unlike either Ru-Y or 
Fe/Y. The selectivity for CH^ did decrease with a concurrent increase 
in hydrocarbon production, but probably the most striking differ­
ence is the elimination of CO^ production. Also the initial propene 
production was increased as compared to the non-sulfided case and com­
pared to Fe/Y which decreased propene production upon sulfidization.
Summary
The most significant finding of the kinetic investigation was that 
the mixed metal catalyst was more active for CO hydrogenation than both 
of the single metal catalysts. The results of H^S prepoisoning showed a
CH^ selectivity increase for Ru-Y, essentially no change for Fe/Y, and 
an increase in higher molecular hydrocarbon selectivity for Fe/Ru-Y.
The poisoning of Fe/Ru-Y also eliminated CO^ production and increased 
the propene production. Although the changes exhibited by using a mixed 
metal catalyst or by presulfiding were not predictable from a survey of 
the literature, it is clear that both techniques can be used to modify 
the activity and/or product selectivities of CO hydrogenation catalysts.
CHAPTER VI
XPS STUDIES 
Introduction
The experimental strategy in catalytic investigations was for many 
years to "make a new catalyst and try it" with little attention paid to 
the fundamental understanding of the actual catalytic reaction. This 
empirical approach is now being either displaced by, or coupled to, 
spectroscopic and kinetic studies of the catalyst system. It is the 
hope of all modern catalysis chemists that such investigations will lead 
to "catalyst design" where a selective and active catalyst can be pre­
pared for specific reactions. The current literature abounds with 
examples of this approach to catalysis. Some examples include the use 
of Mossbauer spectroscopy by Clausen and Good (124), Madhusudhan et al. 
(123), and Patil (137) to characterize Ru on a Y-type zeolite. Other 
examples are the efforts by Pedersen and Lunsford (106) to use XPS to 
effect a similar characterization of these systems and the work by Kishi 
and Roberts (45) who also used XPS (and UPS) to monitor the effect of 
H^S on the adsorption of CO on Fe. Our interest in bimetallic model 
catalyst systems lead us to investigate the utility of XPS for the 
characterization of supported iron, ruthenium, and iron-ruthenium bime­
tallic catalysts as a function of treatment condition. All systems were 
evaluated before and after reduction, and after exposure of the reduced 
catalyst to CO/H^, H2S, or followed by CO/H^. It was hoped that
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this study would allow us to compare the catalytic properties of the 
monometallic systems with their bimetallic analogues so that the unique 
properties of the bimetallic systems could be better understood.
Results and Discussion
In the interest of presenting a clear picture of our findings, the 
following presentation will be divided by catalyst system with cross 
comparisons and general conclusions outlined in the chapter summary.
Ruthenium on Y-Zeolite: Ru-Y
The XPS survey scan of the initial Ru-Y catalyst (Treatment A;
Treatments A-E were defined in Chapter 3) is shown in Figure 10a, and
the sample spectrum following reduction (Treatment B) is shown in Fig­
ure 10b. The only discernible difference is the loss of N (Njs peak at
~400 eV) upon reduction due to the loss of NH^. Any change in Ru oxida­
tion state is not observable in the survey scans because of low peak 
resolution and the overlapping of the Ru 3d^^ peak by the Cjg peak (the 
Ru 3d^2> ^5/2' an(* Cls Pea^s occur at approximately 285, 281, and 
284.6 eV). In order to accurately determine the Ru binding energies 
after each of the treatments, smaller range scans of 20 eV were used 
with significantly improved peak resolution. Representative spectra at 
each stage of treatment are shown in Figure 11, and the Ru 3d^^ binding 
energies are given in Table VII. The XPS spectra shown in Figure 11a 
was initially fit to one Ru species with a binding energy of ~281.8 eV, 
however the shoulder on the high binding energy side of the carbon peak 
(the large peak in the spectrum) indicated that a second Ru species was 
most likely present. The binding energies listed in Table VII are
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Figure 10. XPS survey scans of Ru-Y a) after Treatment A and 
b) after Treatment B.
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Figure 11. Representative XPS spectra of the Ru 3d region of Ru-Y after 
Treatments A-E; spectra a-e respectively. In each spectrum 
the C peak is at ~284.6 eV and the Ru 3d_ peak(s) 
is(are5 at ~283-279 eV. The Ru 3d„.„ peaks occur at a 
binding energy 4.1 eV higher than their respective Ru 3d_ 
peaks.
Table VII
Metal Binding Energies of Each Catalyst after Specific Treatment
Binding Energies*
2
(eV) after Treatment
Catalyst
Metal 
XPS Peak
A
(Vacuum)
B
(H2)
C
(H2; C0/H2)
D
(H2; H2S) (H2;
E
H2S; C0/H2)
Ru-Y Ru 3d5^2 280.60 
282.783
280.01 279.17 280.45 280.22
Fe/Ru-Y Ru 3d5/2 282.11 
283.763
279.76 279.24 280.24 279.94
Fe/Ru-Y Fe 2p3j2 711.76 710.20 710.40 710.21 710.21
Fe/Y Fe 2p3/2 710.57 710.21 709.94 710.68 710.78
Most binding energy values are averages of two or three spectra. Estimated error or standard 
deviation for each binding energy is 0.20 eV or less. All spectra were obtained using a sample 
charge neutralizer. Residual charge was compensated for by running spectra of the support Si 2p 
peak before and after the spectrum of interest and correcting the Si 2p peak to a binding energy of 
102.54 eV.
2
Descriptions of Treatments A-E are given in Chapter II, however a shorthand notation for each 
treatment is provided in parenthesis.
3
Two separate Ru species were found in the initial Ru-Y and Fe/Ru-Y catalysts.
indicative of a Ru(IV) species (peak at 282.78 eV) and a Ru(II) species 
(peak at 280.60 eV). However Patil (137) has shown that the initial 
material (the oxidation product of the exchanged Ru(NH^)^++) is the 
mixed valence complex, ruthenium red. Ruthenium red has both Ru(IV) and 
Ru(III) centers. The XPS is in agreement with the identification of two 
types of Ru present, however the discrepancy in oxidation states ob­
served is probably due to poor resolution of the spectra of the initial 
material. Pedersen and Lunsford (106) also observed a poorly resolved 
XPS spectrum for a similar system and fit the resulting spectrum to one 
Ru doublet (plus carbon) with a Ru 3 ^ ^  binding energy of 283.0 eV; 
assigned to Ru(III).
The binding energy obtained after reduction (Treatment B) is that 
expected for Ru°, however the binding energy for Ru after Treatment C is 
even lower than that for the reduced catalyst. There are three possible 
explanations for the decrease in binding energy on going from Treat­
ment B to C. An incomplete reduction (of Ru) may have occurred during 
Treatment B, which was completed during Treatment C since both CO and 
are both reducing agents. This rationale is difficult to confirm how­
ever since it has been shown in our lab (124) and in work by Pedersen 
and Lunsford (106) that supported Ru is easily reduced to metallic Ru 
under the conditions of Treatment B. Another possible explanation has 
been proposed by Pedersen and Lunsford (106). They suggested that 
smaller particles would exhibit a higher binding energy due to either an 
interaction with the support or a matrix effect as outlined in Chap­
ter IV. Larger particles, due to a smaller fraction of the particle 
interacting with the support, would exhibit binding energies closer to 
that of metallic Ru. Petersen and Lunsford suggested a particle size of
~15 X for the upper limit to the small particle phenomena. The third 
possible explanation is an extension of the idea suggested by Pederson 
and Lunsford (106). This explanation is for the case where metallic 
"islands" have formed on the external surface of the zeolite. For a 
specimen consisting of a significantly sized conductor on an insulator, 
others (90, 97) have shown that low to moderate usage of an electron 
flood gun (or charge neutralizer) can cause the conductor to be charge 
shift corrected more efficiently than the insulator. Thus in the situa­
tion presented here, if the Ru was efficiently charge corrected by the 
neutralizer, whereas the zeolite was incompletely charge neutralized, 
the Ru may then be too greatly charge compensated. This rationale for 
the observed Ru binding energies was probed by hydrogen adsorption 
measurements to determine metal particle sizes in each case.
Hydrogen adsorption measurements conducted on the Ru-Y catalyst 
used in Chapter V indicated an adsorption of ~169 (j-moles per gram of 
Ru. Using the procedure of Dalla Betta (140) for particle size deter­
mination from adsorption measurements, the surface area of the cata­
lyst per gram of Ru (A) is given by:
A = 5L2n (6-1)
where the particle shape is assumed to be cubic with sides of length L, 
there are 5 sides exposed (one side residing against the support), and 
the sample contains n particles. The number of particles per gram of 
Ru, n, is given by:
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3
where p is the density of Ru metal (p = 12.3 g/cm , from Reference 142) 
and L is defined above. Assuming the area covered by one H atom to be 
8.17 8^ and a 1:1 H:Ru correspondence (140), the specific surface area 
per gram of metal can be determined. Substituting the right side of 
Equation 2 into Equation 1 and rearranging gives:
which gives an average particle size (for Ru after Treatment B) of 21 8.
Referring back to the discussion of the decrease in binding energy 
after Treatment C (H^/CO), if the particle size limit for a significant 
metal support interaction is 15 then either the particle size deter­
mined from chemisorption is high or the limit of 15 8 is low. Con­
current with the decrease in binding energy after Treatment C an in­
crease in the Ru;Si concentration ratio is observed as can be seen in 
Table VIII. Although the increase in the Ru:Si ratio can be attributed 
to an increase in dispersion (decrease in particle size) according to 
Delannay et al. (104), it is more likely that the increase in Ru:Si 
ratio is attributable to an increase in particle size accompanied by a 
migration of some of the Ru out of the zeolite cavities to the external 
surface of the zeolite. The migration to the exterior of the zeolite 
causes the Ru to be more efficiently sampled as compared to the Si of 
the zeolite framework, therefore accounting for the increase in the 
Ru:Si ratio. Thus the decrease in binding energy after Treatment C may 
be due to sintering, resulting in larger particles with more "metal 
like" properties. However no definitive conclusions can be drawn as to 
which of the latter two explanations account for the binding energy
Table VIII
Metal Crystallite Sizes and Metal:Silicon Concentration Ratios
Catalyst Treatment
Metal1 
Crystallite 
Size (8)
Ru:Si2 
(x 1000)
Ru:Si2 
(x 1000)
Fe:Si2 
Cx 1000)
2
Fe:Si 
(x 1000)
Ru-Y B 21 138 23
C 425
D 17
E 28
Fe/Y B 54 400
C 52
D 359
E 335
Fe/Ru-Y B
3
30 41 59 42 159
C 74 28
D 62 189
E 32 652
Theoretical 26 26 26 26
^Computed from Chemisorption.
2
Concentration ratios are calculated from the Ru 3d . , Fe 2p, and Si 2p peak areas and 
appropriate sensitivity factors (a) from Reference 88. The different columns for the same metal 
represent different catalyst treatment series. All spectra were corrected to 1 scan at 
0.1 eV/sec.
3
Calculated on the basis of the Ru content only.
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decrease, since no extensive studies (known to the author) have charac­
terized the extent of metal support interaction with metal particle size 
or determined the metal particle size where unequal charge compensation 
begins. Since Reference 88 lists a binding energy of 280.0 eV for Ru 
metal, the explanation of unequal charge compensation is probably at 
least partially contributing (Note: Not necessarily are the latter two
explanations mutually exclusive, there may exist an overlap region of 
particle sizes where both effects can contribute).
A sample of Ru-Y after Treatment E (and exposure to air) was sub­
jected to an x-ray powder diffraction (XED) study in order to check for 
retention of zeolite crystallinity and to determine Ru crystallite 
particle size. The XRD pattern indicated no loss in zeolite crystal­
linity and the particle size was determined by the extent of line broad­
ening according to the procedure of Klug and Alexander (1A3). Using 
Warren's correction a particle size of ~70 8 was determined. This is 
near the limits of the XRD line broadening method (the diffraction line 
broadens as the crystallite size decreases) and is reasonable since the 
Ru line at 44° (20) is only slightly visible, and the line width had to 
be estimated. This size, compared to the 21 R initial particle size (by 
adsorption) is in agreement with the hypothesis that the increase in 
Ru:Si ratio is due to an increase in particle size. This would also 
account for the decrease in binding energy; assuming elimination of the 
matrix effect, a decrease in metal-support interaction due to the in­
crease in particle size, and possible contribution due to unequal charge 
compensation.
Treatment with H^S after reduction (Treatment D) of Ru-Y causes an 
increase in the Ru binding energy (see Table VII). This is the result
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expected for the formation of a surface sulfide and/or sulfate. The Ru 
binding energy is not as sensitive to the S species as is the S 2p 
binding energy. The S 2p peak varies approximately 8 eV between a 
sulfate and a sulfide. The S 2p intensities are low due to the ex­
tremely low concentration of H^S which reacts with the surface Ru atoms 
and the low sensitivity of XPS to S (approximately 1/5 the sensitivity 
of Ru (88)). The S 2p binding energies are given in Table IX and al­
though the quality of the spectra is poor, they can be used to obtain an 
indication of the "type" of S present.
The S 2p binding energies for Ru-Y, after both Treatments D and E, 
are indicative of the presence of a sulfide (~162 eV) and a sulfate 
(~170 eV) species. Several times the sulfate peak either appeared or 
increased in intensity after running several spectra. This can be 
explained by the oxidation of the surface S species while in the sample 
chamber by oxygen, either present in the UHV system or from the zeolite 
in conjunction with sample heating caused by the neutralizer (the physi­
cal arrangement of the PHI neutralizer causes the sample to be radiantly 
heated, sometimes to 70-90°C). A sulfate species, existing only as a 
surface entity, has been observed in our laboratory in the study of an 
unsupported catalyst (after reduction in H^) when the majority of the S 
in the sample was in the form of a sulfide (this dissertation, Appen­
dix B). Therefore, treatment with H^S causes slight oxidation of the 
supported Ru by the probable formation of a surface sulfide species 
(which may easily oxidize to a surface sulfate). The Ru binding
energy is indicative of an approximate oxidation state of +1 which would 
correspond to the 2:1 Ru:S ratio observed for catalyst poisoning by 
Agrawal (77) and Agrawal et al. (56). Consequences of the sulfur
Table IX 
Sulfur Binding Energies
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Catalyst Treatment
S 2p Binding 
Energies* (eV)
Relative Peak 
Areas^
(s=/so4=)
Ru-Y D 162.7
3
171.2 oo( 0.2
E 161.93 170.1 0, 7.6
Fe-Y D 164.3 169.3 1.4
‘E 162.9 168.43 0.5, oo
Fe/Ru-Y D 162.3 - 00
E 162.2 168.23 «>, 1.9
*The estimated parameter errors from the computer fit range from
0.1 to 1.0 eV; most are approximately 0.5 eV.
2
Lower binding energy peak area divided by higher binding energy 
peak area; this is essentially the sulfide:sulfate ratio. Two ratios 
are given when one of the spectra did not contain two S species. Exact 
peak intensities usually contained a large relative error; most ranging 
from ~20 to 80%. Even with signal averaging the signal to noise ratio 
seldom was greater than one.
3
A sulfur peak was only seen in one of two spectra run on the same 
sample and therefore may not be a "real" peak.
"poisoning" include a decrease in particle size growth (see Table VIII) 
and an inhibition of further Ru reduction upon exposure to CO hydrogena­
tion conditions (Treatment E). The latter may be due to either the 
prevention of Ru crystallite agglomeration or the Ru may be resistant to 
reduction and/or S removal under these conditions. This resistance to S 
removal at 250°C under CO hydrogenation conditions has been observed by 
Dalla Betta et al. (39).
Iron on Y-Zeolite: Fe/Y
XPS survey scans of Fe/Y after Treatments A and B are shown in 
Figure 12. Close examination shows a slight decrease in the Fe ^ 2/2 
binding energy (Fe ^ 2/2 on 8°in8 from Treatment A to B. To
arrive at accurate Fe binding energies, smaller range scans were ob­
tained. The binding energies obtained after each treatment are given in 
Table VII and representative spectra are shown in Figure 13.
The Fe ^ 2/2 binding energy for Fe/Y after Treatment A is indica­
tive of Fe(III). Iron-57 Mossbauer spectroscopy produced the spectrum 
shown in Figure 14a and the Mossbauer parameters are given in Table X. 
These also indicate that after Treatment A, Fe/Y contains Fe(III).
The XPS spectrum in Figure 13b shows the Fe 2p peaks of Fe/Y after 
reduction (Treatment B) and the Fe 2p^2 binding energy demonstrates 
that the Fe has undergone a reduction in oxidation state to Fe(II). 
However, Mossbauer spectroscopy (Figure 14b, Table X) shows the presence 
of Fe(II) and Fe(III). Since the Mossbauer spectrum indicates the 
presence of both +2 and +3 oxidation states, and XPS indicates the 
presence of only the +2 state (or a large majority is +2 thereby masking 
the presence of any Fe(III)), the only possible explanation is that the
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Figure 12. XPS survey scans of Fe/Y a) after Treatment A and 
b) after Treatment B.
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Representative XPS spectra of the Fe 2p region of Fe/Y after 
Treatments A-E; spectra a-e respectively. The Fe 2p 
peaks .are at ~723 and ~710 eV respectively. ’
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Figure 14. Iron-57 Mossbauer spectra of Fe/Y after Treatments A 
and B; spectra a and b respectively.
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Table X
Iron-57 Mossbauer Parameters for the Initial 
and Reduced Fe/Y and Fe/Ru-Y Catalysts
Catalyst Treatment
Isomer
Shift1’2
(mm/sec)
Quadrupole
Splitting2
(mm/sec)
Probable
Identification
Fe/Y A 0.36 ± 0.01 0.81 ± 0.01 Fe(III)
B 0.35 ± 0.02 
0.96 ± 0.01
0.80 ± 0.03 
2.02 ± 0.02
Fe(III)
Fe(II)
Fe/Ru-Y A 0.36 ± 0.01 0.79 ± 0.02 Fe(III)
B 0.23 ± 0.02 
0.48 ± 0.03 
1.05 ± 0.02
0.54 ± 0.04 
1.05 ± 0.05 
2.19 ± 0.04
Fe(III)
Fe(III)
Fe(II)
i ^Zero velocity referenced to a NBS standard iron foil.
2
Error estimates are from computer least squares fits to 
Lorentizian lines. The computer program used was originally written by 
Stone (144) and modified so as to be interactive (145).
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Fe particles have a surface which has been reduced to Fe(II) and the 
"bulk" or center of the particle is Fe(III). The basis for this expla­
nation is the surface sensitive nature of XPS as compared to Mossbauer 
spectroscopy which samples the entire specimen.
No estimation of particle size from ^  adsorption is possible since 
the determination of particle size by adsorption is based on the 
metal existing in the zero valent state and, as the previous evidence 
indicates, the Fe is not in the zero valent state. XRD of Fe/Y after 
Treatment E (and exposure to air) indicates that there was no loss of 
zeolite crystallinity and no other peaks were observable. This implies 
that the Fe is well dispersed in the zeolite matrix which may well be 
the reason for the difficulty in reducing the Fe. The non-reducibility 
of supported Fe catalysts (except at high metal loadings) has been 
observed by others (36, 37).
Subjecting the catalyst to Treatment C results in a small reduction 
in Fe 2p^2 binding energy (Table VII). This is probably due to a 
further reduction of Fe(III) to Fe(II) since both binding energies 
(after Treatments B and C) are within the range of binding energies 
expected for Fe(II). Since no change in Fe:Si ratio (Table VIII) is 
observable between Treatments B and C no major change in Fe dispersion 
is expected. However, the higher binding energy after Treatment B (as 
compared to Treatment C) can be attributed to an electronic effect of 
the non-surface Fe(III) atoms influencing the surface Fe(II) so as to 
shift the Fe 2p^2 binding energy towards that of Fe(III) (higher bind­
ing energy).
As in the case of Ru-Y, treatment with H^S after reduction (Treat­
ment D) causes an oxidation of the supported metal. For Fe/Y the
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Fe 2p^2 binding energy increases to a value which indicates that the Fe 
has reoxidized to the +3 state. The XPS spectra of the S 2p region for 
Fe/Y after Treatments D and E produced the binding energies listed in 
Table IX. As was the case for Ru-Y, the quality of the spectra was poor 
but the implication is that the "type" of S present is sulfate and 
another species identified by a peak at a binding energy of 164.3 eV.
This binding energy is in the range expected for bulk S. Therefore, 
since the Fe was not in the zero valent state and the decomposed 
FeCNO^J-j would be expected to be an oxide, the l^S may have been oxi­
dized to a combination of bulk S and a "sulfate-like" surface species.
Exposure of this poisoned catalyst to CO hydrogenation conditions 
(Treatment E) showed no significant change in the Fe 2 p b i n d i n g  
energy. However, the S 2p binding energies are now more indicative of 
the sulfate/sulfide combination seen in the case of Ru-Y.
Iron and Ruthenium on Y-Zeolite: Fe/Ru-Y
XPS survey scans of Fe/Ru-Y after Treatments A and B are shown in 
Figure 15 and show a disappearance of nitrogen peak is at ~400 eV)
after Treatment B. Also, close examination of the C/Ru peak(s) at about 
284 eV show an appearance of a shoulder on the right side of the major 
peak; this is due to the reduction of Ru causing a decrease in binding 
energy relative to carbon which allows it to be observed.
Detailed scans of the Ru 3d region are shown in Figure 16 and the 
Ru binding energies are given in Table VII. The initial material,
as can be seen in Figure 16a, contains two different Ru species. The 
major species at 282.11 eV is indicative of a Ru(III) or Ru(IV) species 
(without a better knowledge of the species attached to the Ru, a more
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Figure 15. XPS survey scans of Fe/Ru-Y a) after Treatment A 
and b) after Treatment B.
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Representative XPS spectra of the Ru 3d region of Fe/Ru-Y 
after Treatments A-E; spectra a-e respectively.
specific assignment is not possible) and the minor Ru species is identi­
fied by a binding energy (283.76 eV) in the region expected for Ru(VI).
A possible explanation is, that during the impregnation of Fe (for 
details of the catalyst preparation see Chapter III), where several 
steps involved the drying of the catalyst at 110°C in air, Ru oxidation 
may have occurred. This explanation is not unreasonable for Ru(IV) 
since Patil (137) observed the formation of RuO^ in/on Y-zeolite from 
ruthenium ammine complexes (ion exchanged into the zeolite) by heating 
under vacuum. Although the temperature was 400°C, he also found that 
the exchanged complex would oxidize at room temperature to a Ru(III), 
Ru(IV) mixed valence complex; therefore the oxidation at 110°C to Ru(IV) 
is not unreasonable. However no explanation is proposed as to the 
source of the Ru(VI) species.
The Ru binding energy of Fe/Ru-Y after Treatment B shows
that, as in the case of Ru-Y, the Ru has been reduced to Ru°. The 
binding energy for Fe/Ru-Y is slightly lower than that of Ru-Y; this may 
be due to a larger particle size for Fe/Ru-Y than Ru-Y (the reader is 
referred back to the particle size effect on binding energy discussion 
in the section on Ru-Y). This reasoning is supported by the particle 
size estimation of 30 8, for Fe/Ru-Y, as compared to 21 8, for Ru-Y 
(Table VIII).
The Fe 2p spectra of Fe/Ru-Y are shown in Figure 17 and the binding 
energies are given in Table VII. The Fe 2 p b i n d i n g  energy after 
Treatment A is indicative of the Fe being in the 3+ oxidation state and 
since the value is somewhat high this would indicate an interaction with 
an electron withdrawing group which would cause the binding energy to be 
higher than that of Fe/Y at this treatment stage (Table VII). However,
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Representative XPS spectra of the Fe 2p region of Fe/Ru-Y 
after Treatments A-E; spectra a-e respectively.
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the spectra after reduction (Treatment B) gives a binding energy the 
same as the reduced Fe/Y; the binding energy is representative of 
Fe(II).
The "*^ Fe Mossbauer spectra for Fe/Ru-Y after Treatments A and B are 
shown in Figure 18. The Mossbauer parameters are given in Table X and 
show that the initial material contained Fe(III) in agreement with the 
previously discussed XPS results. Mossbauer spectroscopy of Fe/Ru-Y 
after Treatment B (H^ reduction) produced a complex spectrum of four 
lines. Since the areas of the three positive velocity lines sum to 
equal the area of the approximately zero velocity peak, the spectrum is 
assumed to consist of three quadrupole split doublets. Two of the 
doublets can be assigned to Fe(III) and one to Fe(II). As was in the 
case of Fe/Y, the combined XPS and Mossbauer evidence indicate a parti­
cle with an Fe(II) surface and an Fe(III) center. However, in contrast 
to Fe/Y, Fe/Ru-Y contains two "types" of Fe(III) both of which are 
different from that of Fe/Y. This may indicate the presence of a Ru-Fe 
interaction.
The spectra for Fe/Ru-Y after Treatment C (CO hydrogenation condi­
tion) are shown in Figures 16c and 17c. Tables VII and VIII give the 
binding energies and the metal:silicon ratios. The Ru behaves in a 
fashion similar to that of Ru-Y; a decrease in binding energy is concur­
rent with an increase in Ru:Si ratio. However, the Fe 2p^^ binding 
energy increases slightly (still in the range for Fe(II)) but is accom­
panied by a decrease in the Fe:Si ratio. This could be attributed to 
either of two situations occurring. The first would be the migration of 
Ru to the external surface of the zeolite as in the case of Ru-Y, which 
causes the Ru to be more efficiently sampled by XPS and thus the
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Figure 18. Iron-57 Mossbauer spectra of Fe/Ru-Y after Treatments A 
and B; spectra a and b respectively.
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increase in Ru:Si ratio. Assuming this to be the case, both the Fe and 
Si intensities would be decreased and a change in Fe:Si ratio would not 
be unexpected; as shown in Table VIII the change is only minor. The 
second possible explanation involves the assumption of a Ru(0), Fe(II) 
particle formation after Treatment B. During Treatment C (CO/l^), a 
selective segregation of Ru to the particle surface may occur due to the 
stronger adsorption of CO on metallic Ru as compared to the oxidized Fe. 
Surface enrichment of the component which more strongly adsorbs a gas 
phase species has been observed by others for bimetallic systems (66,
81).
Treatment D (reduction followed by H^S poisoning) of Fe/Ru-Y pro­
duces the spectra shown in Figures I6d and 17d, for Ru and Fe respec­
tively (binding energy values are given in Table VII and Mossbauer 
parameters in Table X). It is of interest to notice that the Ru is 
oxidized as indicated by the ~0.5 eV binding energy change in both the 
Ru-Y and Fe/Ru-Y samples implying the formation of a Ru-S species.
Notice however that for Fe, the H^S caused no change in oxidation state 
for the Fe/Ru-Y catalyst as compared to the oxidation to Fe(III) caused 
by in the Fe/Y catalyst.
Exposure of Fe/Ru-Y to CO hydrogenation conditions (Treatment E) 
after the H^S poisoning caused no change in the Fe binding energy. The 
Ru binding energy decreased only slightly as in the case of Ru-Y.
Treatment E caused a decrease in Ru:Si ratio, however the Fe:Si ratio 
increased dramatically. One possible explanation is that since the Ru 
had previously reacted with H^S, there would be only a minimal interac­
tion with CO, whereas the Fe species was uneffected by the and would 
be able to react with CO (and H^) to a greater extent than in the non-
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H^S case. This may cause a reversal in the surface segregation phenome­
na described previously for Ru under CO hydrogenation conditions.
Assuming a migration of the Fe species to the surface, this would ac­
count for both the increase in Fe:Si and decrease in Ru:Si ratios.
The S 2p for Fe/Ru-Y after Treatments D and E are listed in Ta­
ble IX and are the most reliable of any of the S spectra obtained. They 
indicate a definite existence of a sulfide species; presumably a ruthe­
nium sulfide since only the Ru binding energy changed upon exposure to 
H^S. The S 2p peak at 168.2 eV is indicative of a sulfate species which 
may be due to oxidation of the surface sulfide species in the spectrom­
eter as described previously for Ru-Y.
XRD patterns for Fe/Ru-Y were obtained after Treatments C and E 
(and exposure to air). No loss in zeolite crystallinity was observed.
As described previously, particle size estimations were made for both Ru 
and Fe. Only a very broad peak (similar to that for Ru-Y) was observed 
for Ru, which calculated to give an estimated average particle size of 
70 8. This demonstrates that some of the Ru must have migrated out of 
the zeolite supercage structure. As was observed in the case of Fe/Y, 
no peaks were observed for Fe.
Summary
In general the initial catalysts were more difficult to character­
ize than those of the latter treatments. Hydrogen reduction of all of 
the catalysts caused a decrease in oxidation state of the supported 
metal(s) with Ru going to Ru(0) and Fe being only partially reduced.
Further reduction in binding energy caused by Treatment C is attributa­
ble to a decrease in metal-support interaction, elimination/reduction of
any matrix effects by migration of the metal to the exterior surface of 
the zeolite particles, and/or unequal charge elimination due to "island" 
formation. This was observed for all but Fe in Fe/Ru-Y which showed a 
slight increase in binding energy (although still assignable to Fe(II)). 
In both cases H^S oxidized Ru to probably Ru(I) and Fe was oxidized to 
Fe(III) in Fe/Y. Prior exposure of all of the catalysts to inhibits 
the further reduction in binding energy of the metals, with iron exhib­
iting no further change in binding energy and Ru, both in Ru-Y and 
Fe/Ru-Y, showing a smaller decrease in binding energy than in the non- 
case. This in conjunction with the oxidation by results in a
final binding energy which may be attributable to Ru(0) or most likely 
to Ru(I).
The S 2p spectra in general indicate that S often forms a sulfide 
which may easily oxidize to a sulfate in the spectrometer. The excep­
tion is for Fe/Y where the S 2p binding energies indicate a "bulk" 
sulfur and sulfate formation upon treatment with and the reduction 
of this "bulk" S to a sulfide under CO hydrogenation conditions. No 
definitive evidence for S removal under CO hydrogenation conditions at 
250°C were observed for any of the catalyst systems, in agreement with 
Dalla Betta et al. (39).
These studies clearly indicate the utility of XPS spectroscopy as a 
tool for characterizing the solid state chemistry which occurs in a 
supported catalyst during preparative treatments or during reaction.
They also indicate the synergic effects which can be attributable to 
bimetallic species where the mixed system does not behave as a mere 
addition of the two monometallic materials. The potential for surface 
segregation of one metallic component with respect to the other during
treatment may account for much of the behavior of these mixed systems. 
XPS is a particularly useful tool for studying this phenomenon.
CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS
Although the kinetic and XPS studies can be considered on their own 
merit as methods to characterize each of the catalysts, it is of even 
greater interest to ask whether the observations of the two characteri­
zation methods can be merged to obtain information unavailable with 
either technique alone.
Comparing the initial activities of each of the reduced (Treat­
ment B) catalysts with their respective XPS binding energies provided no 
additional information other than the fact that Fe in all cases was not 
reducible beyond Fe(II). However, for the mixed Fe/Ru catalyst after 
exposure to reaction conditions, it was speculated that the decrease in 
Ru binding energy and the increase in Ru:Si ratio (and a concurrent 
decrease in Fe:Si ratio) were due to a migration of Ru to the surface of 
a Ru/Fe particle. This would be in agreement with the product distribu­
tions obtained in the kinetic study which showed that Fe/Ru-Y produced a 
product distribution more characteristic of Ru-Y than Fe/Y. This in 
itself is not nearly as significant as the response of Fe/Ru-Y to H^S 
poisoning and the subsequent exposure to C0/H2- The H^S poisoning 
caused a binding energy increase for only Ru. This is comparable to the 
behavior of Ru-Y but unlike Fe/Y which also exhibited a Fe binding 
energy increase. After exposure of the prepoisoned, mixed Fe/Ru cata­
lyst to reaction conditions a significant change occurred. The
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change was opposite to that seen in the non-sulfided case, the Fe:Si 
ratio increased and the Ru:Si ratio decreased. These observations can 
be rationalized as due to a selective CO and/or adsorption occurring 
predominately on the non-poisoned Fe, rather than on the poisoned Ru, 
causing the Fe to migrate to the Fe/Ru particle surface. The kinetic 
data also shows a shift towards the product distribution of Fe/Y, in 
direct contrast to the change in product distribution caused by prepoi­
soning of Ru-Y. The product distribution shifted to higher molecular 
weight products and a small increase in olefin production, quite charac­
teristic of the products of CO hydrogenation over Fe/Y.
The only other major change was that Ru-Y, after I^S poisoning, was 
almost totally inactive for butane production compared to the unsulfided 
case. Whether this is an electronic or site blockage effect is not 
known at this time. Further research using more detailed reactions 
with the catalyst involving varying amounts of I^S and observing the 
concurrent kinetic and binding energy changes may lead to a better 
understanding of the observed phenomenon.
Other possible further work of interest on these systems would be 
studies of the effect of changes in metal loadings and Ru:Fe ratios.
Also the kinetic data should be extended to include various levels of 
poisoning so that trends may be observed. In order to better charac­
terize the sulfur species present, the XPS investigation of several 
unsupported Fe/Ru catalysts exposed to different levels of H^S should 
prove beneficial since the unsupported systems would allow greater 
sulfur levels and thus XPS would be able to sample and characterize the 
sulfur species much more efficiently. Finally, it would prove benefi­
cial if the catalysts used in the XPS studies could be used for kinetic
142
evaluations during the catalyst treatment procedures, rather than dupli­
cating conditions for each of the studies.
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INTRODUCTION TO APPENDICES
The following appendices consist of research projects in which an 
XPS investigation was ancillary to the primary research methods used. 
Although the author was not directly involved in the major portion of 
the overall investigations, he was responsible for the XPS studies and 
their interpretation. A significant amount of time was devoted to data 
collection and analysis/interpretation on XPS investigations in areas 
of research other than supported catalysts. The first appendix covers 
an investigation into the efficacy of XPS as an analytical tool for the 
monitoring of organotin toxicant levels in a common antifouling coating. 
The second appendix describes the use of XPS as an auxiliary technique 
t used to aid in the interpretation of complex Mossbauer spectra for an 
unsupported Fe/Ru bimetallic catalyst system. This problem clearly 
demonstrates the advantage of multi-technique physical characterizations 
for the definitive description of catalyst systems.
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APPENDIX A
STUDY OF THE EFFICACY OF XPS AS AN ANALYTICAL 
METHOD FOR THE DETERMINATION OF ORGANOTIN TOXICANT 
LEVELS IN MARINE ANTIFOULING COATINGS
Introduction
The fouling of ship hulls by macroscopic and microscopic organisms 
is a serious problem. It results in structural degradation and energy 
losses (146) which are important considerations. One method currently 
used for the protection of ship hulls is the application of coatings 
containing antifoulant toxicants such as organotins. Due to the varia­
bility of leach rates, the periodic inspection of the coating and the 
determination of the remaining toxicant level is necessary to insure 
adequate antifouling protection. The monitoring of the toxicant level 
allows both the early detection of insufficient toxicant levels and the 
avoidance of unnecessary hull repainting. The ability to easily and 
rapidly monitor toxicant levels in coatings would be an important con­
tribution both in laboratory studies of toxicant release rates and in 
the periodic toxicant level monitoring of coatings in situ. In the 
past, various wet chemical and spectroscopic techniques have been used 
to monitor the toxicant released into solution and the amount of toxi­
cant remaining in a coating. Most of these methods are destructive and 
do not allow the assessment of coating viability.
153
154
This report describes a procedure using X-ray photoelectron spec­
troscopy (XPS) to monitor toxicant levels in actual samples of ship hull 
coatings. The technique is particularly promising since it allows the 
direct measurement of toxicant in the sample and does not require the 
removal of large amounts of the coating for analysis. These attributes 
and the fact that XPS is easily and rapidly done make it a very attrac­
tive technique.
Usually XPS is not considered a quantitative technique, but as 
reported below it can be used as a reliable semi-quantitative technique. 
Since it does not examine the entire sample but only the surface, for 
quantitative measurements it must be shown that the level of toxicant at 
the surface is indicative of the bulk concentration.
Experimental
Samples were obtained from the hulls of ships which had fouled at a 
rate much higher than had been predicted. For comparison to the multi­
layer coatings used on the ship hulls, laboratory standards were pre­
pared. The commercial antifouling paint used on the ship hulls was 
applied to metal plates according to the manufacturer's specifications.
The coating was a normal polyvinyl marine paint containing tributyltin 
oxide as the antifoulant. Samples were obtained by removing a small 
portion of the coating from the metal (either a ship hull or a labora­
tory sample piece of metal) with a single edge razor blade. The samples 
were then trimmed to approximately one centimeter square for convenient 
entry into the spectrometer. The sample was introduced into the spec­
trometer using a Perkin Elmer Physical Electronics Industries Division
(PHI) Model 2100 Sample Introduction System (utilizing a PHI Model 02- 
100 Specimen Transport Probe).
Analysis was with a PHI Model 548 ESCA/Auger spectrometer operating 
in the XPS mode. Excitation was with 400 W of Mg Ka X-rays. The bind­
ing energy range of 1000 to 0 eV was scanned at 0.3 eV/sec. To remove 
surface contamination prior to analysis the samples were briefly sput­
tered with Argon ions produced with a PHI Model 20-045 ion gun.
Results and Discussion
The specific problem addressed was a case where a commercial organ- 
otin antifouling coating applied to a series of ships had failed much 
more rapidly than expected. Paint scrapings were obtained from various 
locations on the painted ship hull for comparison with laboratory pre­
pared standard chips. These standards consisted of paint chips removed 
from metal plates which had been prepared with the same commercial 
antifouling paint according to the manufacturer's specifications. They 
were used as an indication of the initial tin concentration expected.
Figure A-l shows typical spectra representing the variation in the 
amounts of tin present in three different samples. In order to accu­
rately compare between samples it was necessary to have a reference 
peak. Since the paint matrix contained both carbon and oxygen, which 
remained constant as the paint was exposed to the marine environment, 
the carbon and oxygen signals were chosen as reference peaks for both 
binding energy correction and intensity comparisons. Spectrum "A" is 
for a standard chip of fresh non-leached paint and indicates the pres­
ence and concentration level of tin in the sample. Spectrum "B" is for 
a chip from a section of the hull where fouling was minimal although the
Sn (Auger)
Sn (Auger)
J
0  (Auger)
J
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Figure A-l. XPS spectra of a series of antifouling paint chips.
Spectrum A: Freshly painted and cured paint chip.
Spectrum B: Paint chip from hull area where
minimal fouling had occurred. Spectrum C: Paint
chip from hull area where the antifouling had 
failed. (Paint was a conventional vinyl vehicle 
using tributyltin oxide as toxicant.)
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seawater exposure had been extensive. Note the decrease in the tin 
signal indicating a reduction in surface toxicant. In Spectrum "C," 
taken from a chip where antifouling failure had occurred, note the very 
small, almost neglible, tin signal indicating the almost total absence 
of the tin toxicant. The peak at 200 eV is due to chlorine indicating 
the significant buildup of chloride in the spent paint coating surface.
To confirm that the concentration of tin present after the brief 
initial sputtering was fairly representative of the bulk sample, a 
series of spectra were obtained where a "depth profile" of the sample 
was recorded as shown in Figure A-2. The depth profile consisted of XPS 
analysis of the sample followed by a series of Argon ion sputtering and 
analysis. This process continued for a total of 500 minutes of sputter­
ing time at a rate (of surface removal) of approximately 5 nm/min. For 
a ship hull sample the results show a drastic increase in the amount of 
tin (absolute tin intensities, tin:oxygen intensity ratios, and 
tin:carbon intensity ratios) with the initial brief sputtering. The 
amount of tin then became constant or increased only slightly. The 
initial increase is expected since the aqueous leaching of the tin 
toxicant from the paint establishes a gradient of the organotin from 
deep within the sample to the surface. The results also indicate a 
fairly rapid equilibration of the tin concentration throughout the 
sample.
The technique can be improved by using peak areas instead of peak 
heights and by scanning over smaller ranges to increase resolution. A 
wide scan was used to check for other changes which might have occurred 
due to leaching. The major observation was the appearance of the chlo­
rine peaks (due to sea water) in the samples from the ship hulls.
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Figure A-2. XPS spectra of a ship hull sample after 0, 25, 145, and 
505 min. (from top to bottom) of Argon ion sputtering 
to obtain a "depth profile" of tin concentrations. 
Estimated sputtering rate of 5 nm/min.
From the results discussed above it can be concluded that XPS can 
be used as a rapid, reliable technique for the semiquantitative deter­
mination of tin concentration in antifouling coating. Also it has been 
shown that only a brief sputtering is needed to obtain results repre­
sentative of the bulk sample. The potential of this technique is obvi­
ous. Standards for various levels of antifouling activity could be 
developed and small chips from existing coatings compared. Decisions 
could then be made with respect to remaining lifetime, early failure 
problems, etc. The method is simple and rapid and commercial labor­
atories are available across the country for providing such analytical 
services. Various marine organizations could profit significantly from 
such periodic evaluations of the condition of their protective coatings 
on all types of marine structures, including ships and port facilities. 
Such monitoring could be used to prevent unnecessary early recoating of 
ship hulls (assuming a recoating schedule which was very conservative 
estimates of coating lifetimes) and to prevent the premature failure of 
the antifouling coating by the early detection of rapid toxicant loss.
APPENDIX B
CHARACTERIZATION OF AN UNSUPPORTED 
FE-RU BIMETALLIC CATALYST
Introduction
The following study was undertaken to demonstrate the advantage of 
a multi-technique physical characterization approach in the investiga­
tion of complex bimetallic catalyst systems and to verify the utility of 
such an approach by the full characterization of one such system. An 
Fe-Ru, unsupported catalyst system was choosen since both metals are
active Mossbauer nuclei and the metal systems are active CO hydrogena-
99 57tion and ammonia synthesis catalysts. A combination of Ru and Fe 
Mossbauer spectroscopies, X-ray photoelectron spectroscopy (XPS), X-ray 
powder diffraction (XRD), and gas adsorption was used to characterize a 
2:1 (atomic ratio) Fe-Ru catalyst before and after a series of treat­
ments .
Mossbauer spectroscopy allows the direct determination of the 
oxidation state(s) and chemical bonding characteristics of the metal(s) 
under investigation. However, in most cases Mossbauer spectroscopy 
provides only information as to the bulk composition of the catalyst due 
to the usually low surface:bulk weight ratio. XPS fills this gap by 
providing surface information unavailable with Mossbauer spectroscopy, 
and in conjunction with argon ion sputtering, "bulk" information is also 
obtainable. Bulk composition and average catalyst particle size may be
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obtained from XRD (the former determined by diffraction patterns and the 
latter by line broadening). Gas adsorption also allows the determina­
tion of average particle size by measuring the total surface area of the 
sample.
The combination of all of the above mentioned techniques allowed 
the total qualitative characterization of an Fe-Ru bimetallic catalyst 
before and after several treatments. The complex nature of the system 
under investigation precluded definitive characterization by the use of 
any singular technique.
Experimental
The model catalyst system was prepared by dissolving ruthenium 
trichloride 1-3 hydrate and ferrous sulfate (hydrated) in a minimum 
amount of distilled water to obtain a 1:2 mole ratio of the metals, 
respectively. To this mixture a few drops of sulfuric acid and a small 
amount of ascorbic acid were added (to retard the oxidation of Fe). The 
mixture was then heated and evaporated to dryness in a porcelain dish 
over a steam bath with constant stirring. The residue was filtered, 
washed with distilled water, and dried in a vacuum desiccator for five 
hours. This sample was designated Fe-Ru (initial).
Most of this sample was placed in a porcelain boat, inserted into a 
pyrex glass tube, and heated, using a Lindberg Hevi-Duty furnace, in 
flowing hydrogen at 400°C for four hours. During this period, copious 
amounts of white fumes were evolved. The sample was then cooled to room 
temperature in flowing hydrogen and was designated Fe-Ru (reduced).
Most of the Fe-Ru (reduced) sample was exposed to air at room 
temperature for 24 hr. and was designated Fe-Ru (exposed). The final
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treatment consisted of heating a portion of Fe-Ru (exposed) to 400°C in
air for 4 hr. This sample was designated as Fe-Ru (calcined).
The XPS spectra were obtained on the ESCA/Auger system described in 
Chapter III of this dissertation. Powder samples were pressed onto pure 
indium foil for mounting. Static charge minimization was accomplished 
using the neutralizer. Argon ion sputtering was used, where indicated, 
to compare "surface" and "bulk" compositions.
A Phillips' diffractometer equipped with an XRG-3000 X-ray genera­
tor and an APD-3500 data controller and processor were used to obtain
the XRD spectra. The scan rate was 20/min.
The average surface area of the catalysts was determined by gas 
adsorption using a Perkin-Elmer Shell Model 212D spectrometer. Tripli­
cate determinations were made for each sample and the BET equation was
used for the calculation of average surface area (140).
57 99The Fe and Ru Mossbauer spectra isomer shifts are referenced
(0.0 mm/s) to an NBS certified iron foil and a 99.9% pure ruthenium
metal powder respectively. Spectrometer velocity calibration was accom-
99plished using laser interferometry. The Ru Mossbauer spectra were
obtained with both source and adsorber (sample) at 4.2K. The ^Fe
Mossbauer spectra were obtained with the source at room temperature and
the adsorber at liquid nitrogen (77K) temperature. For further details 
57 99on Fe and Ru Mossbauer, equipment, and procedures the reader is
directed to References 129, 137, and 147 (for the detailed description
99of the physical arrangement of the spectrometer for the Ru Mossbauer 
experiment).
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Results and Discussion
The formation of an unsupported bimetallic catalyst may involve 
several stops including high temperature treatment(s) with (reduc­
tion) and/or 0^ (calcination). The purpose of this study was to evalu­
ate our ability to characterize the chemical and/or physical changes 
which may occur during the preparation of a bimetallic catalyst system. 
The choice of which metal (Fe and Ru) salts were to be used as starting 
materials was somewhat arbitrary; except for the rather common use of 
RuCl^’l-SH^O as a soluble Ru salt and previous experience in our labora­
tory with this material supported on silica and alumina (129), and the 
extensive studies of FeSO^xH^O on zeolites by other workers (148).
Since it is known that the anion(s) associated with the metal(s) in the 
initial mixture can influence the final product (149) other investiga­
tions have been carried out in our laboratory wherein the anion has been 
varied (150). The treatment conditions used were choosen so as to 
duplicate those used previously in our laboratory for Ru on SiC^, Al^O^, 
and Y-zeolite (124, 129).
57 99Characterization was accomplished by a combination of Fe and Ru 
Mossbauer, XPS, and XRD following each of the catalyst treatments de­
scribed previously. The resulting Mossbauer spectra are shown in Fig­
ures B-l through B-3 and the parameters obtained from the computer fits 
are given in Tables B-I and B-II. XPS spectra are shown in Figure B-4 
both without and with argon ion sputtering (to obtain a "bulk" charac­
terization of the sample). The above results will be discussed for each 
stage of catalyst treatment.
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Figure B-l. Mossbauer spectra of Fe-Ru (initial)
a) Ruthenium-99 and b) Iron-57.
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Figure B-2. Mossbauer spectra Fe-Ru (reduced); a) Ruthenium-99,
b) Iron-57 8 line fit, and c) Iron-57 11 line fit.
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Figure B-3. Mossbauer spectra of Fe-Ru (calcined),
a) Ruthenium-99 and b) Iron-57.
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Table B-I
Iron-57 Mossbauer Parameters of 
Fe-Ru at Various Treatment Stages
Sample
Designation
Adsorption
Lines
Peak (mm/sec) Assignments'
Initial 1 2.63 + 0.01
2 0.97 + 0.01
3 0.00 + 0.01
Fe
++
X . Fe
+++
I.S. = 
AE = 
I.S? = 
AE =
1.32 ± 0.01 
2.63 ± 0.01 
0.49 ± 0.01 
0.97 + 0.01
Reduced
Calcined
1 8.39 + 0.02 * Y"Fe2°1 I.S. = 0.07 ± 0.02
2 4.85 + 0.02 * * HI = 522 KG
3 2.56 + 0.03
4 1.32 + 0.02 *
5 0.49 + 0.02 *■ T
y-Fe 0 (superparamagnetic)
6 -0.27 + 0.02 *■ 4i J I.S. = 0.11 ± 0.02
7 -1.22 + 0.02 + AE = 0.76 ± 0.22
8 -2.60 + 0.03 *• q
9 -3.92 ± 0.03 FeS I.S. = 0.50 ± 0.02
10 -4.71 ± 0.02 * HI = 281 KG
11 -8.22 ± 0.02
1 8.49 ± 0.02 --► V“Feo°Q I.S. = 0.09 + 0.02
2 4.89 ± 0.02 «■ Z J HI = 525 KG
3 1.37 ± 0.05 +
4 0.45 ± 0.02 T *
Y-Fe 0 (superparamagnetic)
5 -0.12 ± 0.02 4
J I.S. = 0.16 ± 0.02
6 -1.24 ± 0.03 * AE = 0.57 ± 0.02
7 -4.70 ± 0.02 * q
8 -8.30 ± 0.02 *■
Error estimates are from computer least squares fits to 
Lorentzian lines. Precision (reproducibility) from two mirror image 
spectra is ± 0.04 mm/sec.
2
I.S. = Isomer shift in mm/sec; AE = quadrupole splitting in 
mm/sec; HI - internal magnetic field in^KG calculated from the Mossbauer 
magnetic splitting.
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Table B-II
Rutheniiun-99 Mossbauer Parameters of 
Fe-Ru at Various Treatment Stages
Adsorption 
Sample Lines
1 2 Designation Peak (mm/sec) Assignments
Initial 1 -0.27 + 0.01 RuCl 3 I.s. = -0.62 + 0.01
2 -0.96 + 0.01 3 AE
q
= 0.69 + 0.01
Reduced 1 0.01 + 0.01 Ru metal I.s. = 0.01 + 0.01
2 -0.48 + 0.01 RuO I.s. = -0.24 + 0.01z AE
q
= 0.48 + 0.01
Exposed 1 0.01 ± 0.01 Ru metal I.s. = 0.01 + 0.01
2 -0.49 + 0.01 RuO_ I.s. = -0.25 + 0.012 AE
q
0.50 + 0.01
Calcined 1 -0.02 + 0.01 Ru metal I.s. -0.02 + 0.01
2 -0.48 + 0.01 RuO. I.s. = -0.25 + 0.01
z AE
q
— 0.49 + 0.01
p-RuCl4 1 -0.32 + 0.05 I.s. = -0.67 + 0.01
2 -1.02 ± 0.05 AE
q
= 0.79 + 0.05
Error estimates are from computer least squares fits to Lorentzian 
lines. Precision (reproducibility) from two mirror image spectra is ± 
0.04 mm/sec.
2
I.S. = Isomer shift in mm/sec; AE = quadrupole splitting in 
mm/sec; HI = internal magnetic field in^KG calculated from the Mossbauer 
magnetic splitting.
3
This is an insoluble anhydrous RuCl^, i.e. a-RuCl^ or {J-RuCl^ .
For further information see text.
4
From Reference 151.
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Figure B-4. XPS spectra of Fe-Ru after various treatments (labelled on
spectra) either a) without or b) with Argon ion sputtering.
The ^Fe Mossbauer data for Fe-Ru (initial) indicates that it
99contains a mixture of Fe(II) and Fe(III) (Figure B-lb), whereas the Ru 
Mossbauer data is less definitive as to the identification of the Ru 
species present (Figure B-la). The Ru species could be attributed to a 
single species exhibiting an isomer shift (I.S.) of -0.61 mm/s and a 
quadrupole splitting (AEq) of 0.69 mm/s or alternatively to two distinct 
Ru species, each with a AE^ of zero and with the isomer shifts given in 
Table B-II. These two different assignments could be due to a Ru(III)- 
chloride compound or a mixture of Ru(II) and Ru(III) hexachlorides. The 
isomer shifts are compatible with either assignment (152). The material 
was found to be insoluble in both water and alcohol, which is character­
istic of the insoluble anhydrous trihalides such as a-RuCl^- Although 
no parameter values are available for a-RuCl^, the values for p-RuCl^ 
are given in Table B-II. The XPS spectra indicates the presence of 
chlorides and sulfates both on the surface and in the bulk of the 
sample.
The XKD results obtained for Fe-Ru (initial) are inconclusive. 
Therefore, the most probable chemical composition for Fe-Ru (initial) is 
a mixture of an anhydrous RuCl^ and Fe(II) and Fe(III) salts (most 
likely sulfates and chlorides).
The initial material reduced in hydrogen at 400°C, designated Fe-Ru
99(reduced), exhibited a most interesting Ru Mossbauer spectra (Fig­
ure B-2a). Previous work in our laboratory on supported Ru species 
(124, 129) indicated that Ru was easily reduced to Ru metal under these 
conditions; however, the Mossbauer spectra of Fe-Ru (reduced) indicates 
the presence of two species. One of the species could be assigned to Ru 
metal (I.S. = 0.0 mm/s) and the other species had parameters consistant
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with RuC^; a doublet with one peak buried under the more intense Ru 
metal peak. However, the ~*^ Fe Mossbauer spectra was much more complex, 
as can be seen in Figure B-2b,c. Originally the Fe spectra was fit to 
an eight line pattern, and as can be seen in Figure B-2b the fit is 
unsatisfactory since small unresolved peaks are visible. An eleven line 
fit was then run and the spectral fit obtained is shown in Figure B-2c.
The data was then sorted into a six-line magnetic spectrum, originally 
assigned to an(* a center doublet indicative of very small
paramagnetic particles (37, 153). As mentioned previously these assign­
ments could not account for some other small but visible peaks. The 
assignment of these peaks was readily made after XPS analysis which, as 
can be seen in Figure B-4, shows the presence of two S species on the 
surface of the reduced species. These two S peaks can be assigned to a 
sulfate and a sulfide species (88). However, after a brief sputtering 
only the sulfide remains indicating that the S in the bulk of the sample
is present as a sulfide and that the sulfate was only a surface entity.
57With this additional information the Fe Mossbauer interpretation
became simplified since the three extra peaks, plus three other peaks
which are obscured by the other more intense peaks, give a magnetically
split spectrum with an I.S. of 0.50 mm/s and an internal magnetic field
calculated to be 281 kG, close to that expected for FeS (153, 154).
The more intense six-line spectrum was initially thought to be
a-Fe20^, with the intense center doublet due to small paramagnetic
particles of Cf-Fe20.j. XRD data gave no additional information since
only a very few weak peaks were observable, indicating the existance of
a small average particle size. The small average particle size was
2
confirmed by gas adsorption which gave a surface area of 18.6 m /g,
yielding a calculated particle size of ~300$ or less. However, the 
calcined sample produced an XRD pattern which, as will be covered later, 
was indicative of y-Fe202 rather than (Y-Fe^ O^ . Therefore, Fe-Ru (re­
duced) is composed of Ru metal, RuO^, bulk y-Fe^^, small paramagnetic 
particles of ^ ^ 620 ,^ and FeS.
After exposure to air, the Fe-Ru (reduced) produced Fe-Ru (exposed) 
and no changes were observed in any measurable parameter, which was 
quite different compared to earlier work on supported Ru which changed 
considerably upon exposure to air, even at room temperature (124).
After calcination of Fe-Ru (exposed) at 400°C in air to produce
99Fe-Ru (calcined), no change was observed in the Ru Mossbauer (Fig­
ure B-3a). The most significant change occurred in the ^Fe Mossbauer 
(Figure B-3b) and XPS spectra (Figure B-4), both of which showed a loss 
of the sulfide present in the reduced and exposed samples (XPS revealed 
a residual surface impurity of sulfate which was easily removed by argon
ion sputtering, signifying its presence as only a surface species).
57Thus simplified, the Fe Mossbauer was easily fit to a six-line mag­
netically split spectrum and a paramagnetic doublet spectrum both as­
signable to Y-Fe20g. The iron oxide was identified easily by XRD as 
y-Fe2C>2 since the calcination step produced larger particles as evi­
denced by not only the strong XRD peaks (indicative of large particles) 
but also by a decrease in surface area, determined by gas adsorption, to 
6 m /g; this calculates to an average particle size of approximately 
900$. Further examination of the XRD pattern confirms the identifica­
tion of the Ru entities as Ru metal and Ru02* It is noteworthy to 
realize that the **^ Fe Mossbauer parameters could have easily be assigned 
to the more common a-Fe20^ (153); however, the XRD peaks could not be
fit to cr-Fe^O^ but corresponded well to those reported for 
(155).
This study clearly demonstrates the efficacy of a multi-technique 
approach to the study of solid-state catalyst materials. It also shows 
the efficiency of Mossbauer spectroscopy as a probe of chemical composi 
tion and that the use of two active Mossbauer nuclei, or "double label­
ing" in a bimetallic system is particularly effective. The use of othe 
techniques (XPS, XRD, and gas adsorption) allows an almost complete 
physical and chemical characterization of the catalyst material after a 
series of treatments.
The present bimetallic system is particularly interesting in light 
of information which has been reported previously on related systems, 
where the formation of an Fe-Ru "alloy," either from the metals them­
selves (at elevated temperatures) (156-158) or by the reduction of 
mixed-metal salts (50, 51, 54), has been observed; no alloy formation 
was observed in the present study. Also the formation of Fe metal 
during reduction was not observed, although this is often the case when 
iron is present as large particles and/or in the presence of a noble 
metal. The exact reactions occurring are not totally understood, how­
ever the overall reaction scheme can be summarized as:
FeIIS0, + RuIII,IVCl *xH„0 4 i z
steam bath 
100°C in air
.,11 _ III . D III-- , . . ,Fe , Fe + Ru Cl^ (anhydrous)
Further work was planned and carried out in our lab as to the role 
of the initial anion, the use of higher reduction temperatures, and the 
investigation of single metal systems (150, 159). These results will be 
reported in a subsequent Ph.D. thesis (159) from our laboratory.
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